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Abstract (US) 
Composite material components design and production techniques are discussed in 
the present Graduation Paper. In particular, this paper covers the design process and 
the production process of a carbon-fiber composite material component for a high 
performance car, more specifically, the Dallara T12 race car. This Graduation Paper 
is split in two. After a brief introduction on existing composite materials (their origins 
and applications), the first part of the present paper covers the main theoretical 
concepts behind the design of composite material components: particular focus will 
be given to carbon-fiber composites. The second part of the present paper covers the 
whole design and production process that the candidate carried out to create the new 
front mainplane of the Dallara T12 race car. This Graduation Paper is the result of a 
six-months-long internship that the candidate conducted as Design Office Trainee 
inside  Dallara Automobili S.p.a. 
 
 
Abstract (ITA) 
La presente Tesi di Laurea discute le metodologie progettuali e produttive legate alla 
realizzazione di un componente in materiale composito. Nello specifico, viene 
discussa la progettazione e la produzione di un componente in fibra di carbonio 
destinato ad una vettura da competizione. La vettura in esame è la Dallara T12. Il 
lavoro è diviso in due parti. Nella prima parte, dopo una breve introduzione 
sull’origine e le tipologie di materiali compositi esistenti, vengono trattati i concetti 
teorici fondamentali su cui si basa la progettazione di generici componenti in 
materiale composito, con particolare riguardo ai materiali in fibra di carbonio. Nella 
seconda parte viene discusso tutto il processo produttivo che il candidato ha portato a 
termine per realizzare il nuovo alettone anteriore della Dallara T12. La presente Tesi 
di Laurea è il risultato del lavoro di progettazione che il candidato ha svolto presso 
l’Ufficio Tecnico di Dallara Automobili S.p.a. nel corso di un tirocinio formativo di 
sei mesi. 
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Context 
The World Series by Renault championship, formerly the World Series by Nissan 
from 1998 to 2004, is a motor racing series. The series consists of the flagship 
Formula Renault 3.5 Series (often referred to as simply World Series by Renault or 
indeed simply WSR), the Eurocup Formula Renault 2.0 and the Eurocup Mégane 
Trophy. 
The series came out of the Spanish Formula Renault Championship, which ran from 
1991 to 1997. The World Series was founded as Open Fortuna by Nissan in 1998, 
and was mostly based in Spain, but visited other countries throughout its history, 
including France, Italy, Portugal and Brazil.   
In its early years, the series used chassis built by Coloni, with a 2.0 L Nissan SR20 
engine. The series slotted in between Formula 3 and Formula 3000. In 2002, it 
adopted a new format, with chassis supplied by Dallara and the engine upgraded to 
the VQ30. The series also became more international, with more than half of the race 
calendar held outside Spain. 
 
The chassis for the Formula Renault 3.5 Series is a Dallara built carbon fibre 
monocoque and the engine a 3.5 litre V8 Zytek unit producing 530 bhp with a rev 
limit of 9500rpm. Total “dry” weight of the car is 600 kg. 
Nowadays this championship is a sort of promotional series for young drivers who 
aim at becoming Forumla 1 drivers. The series then feature a technical level which is 
close to that of GP2 Series and Formula Nippon (which will soon be known as 
“Super Formula 2014”, a new championship where every contestant will drive the 
new Dallara SF14 race car). WSR Race cars are built up by Dallara. Models are T02 
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(2002-2004), T05 (2005-2007), T08 (2008-2011), and in the present days T12 (2011-
present). Carbon calipers for brakes, a 6-ratios sequential gearbox and other technical 
solutions are an explicit allusion to Formula 1. 
DALLARA AUTOMOBILI is an Italian company that produces race cars. It was 
founded in 1972 at Varano de’ Melegari by Eng. Gian Paolo Dallara. It is nowadays 
leader in the US market, where it signs all the race cars in the epic IndyCar Series. 
Dallara serves also as unique-provider in news-worthy championships like GP2-
Series, GP3-series and, as already mentioned,  WorldSeries-by-Renault which is the 
focus of the present paper. The expertise of Dallara can be divided in four major 
areas: Design and production of Carbon-Fiber composite-material components; 
Aerodynamics R&D, in particular CFD (Computational Fluid Dynamics) and Wind 
Tunnel; Vehicle Dynamics R&D (i.e. testing and simulation); Rapid Prototyping. 
The candidate conducted two extensive internships inside the company 
(“Preparazione alla Tesi” and “Tirocinio per Tesi”) to better understand all the 
aspects of the company with particular attention to the Composite Materials division. 
These experiences allowed the candidate to be involved in the design-and-production 
process of the new Dallara-T12 main plane, a composite material component which 
the present paper focuses on. The new mainplane will be mounted on all the 2014 
World Series race cars. 
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1 - Introduction 
1.1 - Fibre-reinforced plastic 
 
Fibre-reinforced plastic (FRP) (also fibre-reinforced polymer) is a composite material 
made of a polymer matrix reinforced with fibres. The fibres are usually glass, carbon, 
basalt or aramid, although other fibres such as paper or wood or asbestos have been 
sometimes used. The polymer is usually an epoxy, vinylester or polyester 
thermosetting plastic, and phenol formaldehyde resins are still in use. FRPs are 
commonly used in the aerospace, automotive, marine, and construction industries. 
Fibre reinforced plastics are a category of composite plastics that specifically use 
fibre materials to mechanically enhance the strength and elasticity of plastics. The 
original plastic material without fibre reinforcement is known as the matrix. The 
matrix is a tough but relatively weak plastic that is reinforced by stronger stiffer 
reinforcing filaments or fibres. The extent that strength and elasticity are enhanced in 
a fibre reinforced plastic depends on the mechanical properties of both the fibre and 
matrix, their volume relative to one another, and the fibre length and orientation 
within the matrix. Reinforcement of the matrix occurs by definition when the FRP 
material exhibits increased strength or elasticity relative to the strength and elasticity 
of the matrix alone. 
FRP involves two distinct processes, the first is the process whereby the fibrous 
material is manufactured and formed, the second is the process whereby fibrous 
materials are bonded with the matrix during the moulding process. 
The moulding processes of FRP plastics begins by placing the fibre preform on or in 
the mold. The fibre preform can be dry fibre, or fibre that already contains a 
measured amount of resin called "prepreg". The use of the latter will be discussed in 
this paper. Dry fibres are "wetted" with resin either by hand or the resin is injected 
into a closed mold. The part is then cured, leaving the matrix and fibres in the shape 
created by the mold. Heat and/or pressure are sometimes used to cure the resin and 
improve the quality of the final part. There are different methods of forming: Bladder 
moulding, Compression moulding, Autoclave/vacuum-bag. The application of the 
latter will be discussed in this paper. Mandrel wrapping, Wet layup, Chopper gun, 
Filament winding, Pultrusion are other possible ways. 
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1.2 – The matrix: Epoxy 
Reaction of polyepoxides with themselves or with polyfunctional hardeners forms 
Epoxy, which is a thermosetting polymer (see paragraph 1.3), with strong mechanical 
properties as well as high temperature and chemical resistance. Epoxy has a wide 
range of applications, including metal coatings, electronics / electrical components, 
high tension electrical insulators, structural adhesives and fiber-reinforced plastic 
material. In this paper we will focus on fiber-reinforced plastic materials. Epoxy resin 
is also employed to bind gutta-percha in some root canal procedures. 
This "plastic tooling" replaces metal, wood and other traditional materials, and 
generally improves the efficiency and either lowers the overall cost or shortens the 
lead-time for many industrial processes. Epoxies are more expensive than polyester 
resins and vinyl ester resins, but usually produce stronger and more temperature-
resistant composite parts. 
 
1.3 - Thermosetting Polymer 
A thermosetting plastic, also known as a thermoset, is polymer material that 
irreversibly cures. The cure may be done through heat (generally above 200 °C (392 
°F)), through a chemical reaction (two-part epoxy, for example), or irradiation such 
as electron beam processing. 
Thermoset materials are usually liquid or malleable prior to curing and designed to be 
molded into their final form, or used as adhesives. Once hardened a thermoset resin 
cannot be reheated and melted back to a liquid form. 
A thermosetting polymer is a prepolymer in a soft solid or viscous state that changes 
irreversibly into an infusible, insoluble polymer network by curing. Curing can be 
induced by the action of heat or suitable radiation, or both. A cured thermosetting 
polymer is called a thermoset. 
The curing process transforms the resin into a plastic or rubber by a cross-linking 
process. Energy and/or catalysts are added that cause the molecular chains to react at 
chemically active sites (unsaturated or epoxy sites, for example), linking into a rigid, 
3-D structure: the material forms into a solid material. 
 
Uncontrolled reheating of the material results in reaching the decomposition 
temperature before the melting point is obtained. Therefore, a thermoset material 
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cannot be melted and re-shaped after it is cured. This implies that thermosets cannot 
be recycled, except as filler material. 
Thermoset materials are generally stronger than thermoplastic materials (see chapter 
1.4) due to this three dimensional network of bonds (cross-linking), and are also 
better suited to high-temperature applications up to the decomposition temperature. 
However, they are more brittle. Since they are "set" (non-reformable), they tend not 
to be recyclable. 
 
1.4 - Thermoplastic Polymer 
A Thermoplastic, also known as a thermosoftening plastic, is a polymer that becomes 
pliable (lavorabile) or moldable (modellabile) above a specific temperature, and 
returns to a solid state upon cooling. Thermoplastics can be remolded because the 
intermolecular interactions spontaneously reform upon cooling. In this way, 
thermoplastics differ from thermosetting polymers, which form irreversible chemical 
bonds during the curing process; thermoset bonds break down upon melting and do 
not reform upon cooling. 
 
1.5 – Curing Epoxy Resins 
Curing is a term in polymer chemistry and process engineering that refers to the 
toughening or hardening of a polymer material by cross-linking of polymer chains, 
brought about by chemical additives, ultraviolet radiation, electron beam or heat. In 
rubber, the curing process is also called vulcanization. 
In general, uncured epoxy resins have only poor mechanical, chemical and heat 
resistance properties. However, good properties are obtained by reacting the linear 
epoxy resin with suitable curatives to form three-dimensional cross-linked thermoset 
structures. This process is commonly referred to as curing. Curing of epoxy resins is 
an exothermic reaction and in some cases produces sufficient heat to cause thermal 
degradation if not controlled. 
Curing may be achieved by reacting an epoxy with itself (homopolymerisation) or by 
forming a copolymer with polyfunctional curatives or hardeners. 
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While some epoxy resin/ hardener combinations will cure at ambient temperature, 
many require heat, with temperatures up to 150°C being common, and up to 200°C 
for some specialist systems. Insufficient heat during cure will result in a network with 
incomplete polymerisation, and thus reduced mechanical, chemical and heat 
resistance. Cure temperature should typically attain the glass~transition- temperature
1
 
   of the fully cured network in order to achieve maximum properties. Temperature 
is sometimes increased in a step-wise fashion to control the rate of curing and prevent 
excessive heat build-up from the exothermic reaction. 
Hardeners which show only low or limited reactivity at ambient temperature, but 
which react with epoxy resins at elevated temperature are referred to as latent 
hardeners. When using latent hardeners, the epoxy resin and hardener may be mixed 
and stored for some time prior to use, which is advantageous for many industrial 
processes. 
The epoxy curing reaction may be accelerated by addition of small quantities of 
accelerators. Tertiary amines, carboxylic acids and alcohols (especially phenols) are 
effective accelerators. Bisphenol A is a highly effective and widely used accelerator, 
but is now increasingly replaced due to health concerns with this substance. 
 
 
1.6 – An introduction to the concept of “pre-impregnated” ply 
Pre-preg is a term for "pre-impregnated" composite fibres where a material, such as 
epoxy is already present. These usually take the form of a weave or are uni-
directional. They already contain an amount of the matrix material used to bond them 
together and to other components during manufacture. The resin is only partially 
cured to allow easy handling, this is call B-Stage material and requires cold storage to 
prevent complete curing. B-Stage pre-preg is always stored in cooled areas since 
complete polymerization is most commonly done by heat. Hence, composite 
structures built of pre-pregs will mostly require an oven or autoclave to finish the 
complete polymerization. 
                                               
1 Glass transition temperature marks a boundary between the amorphous glass state and the amorphous rubber state, liquid, very rigid 
an characterized by high levels of viscosity. Glass transition is not a thermodynamic transition. It is a kinetic transition. No change in 
the position of atoms or molecules in space are related to it (as it happens instead in the transition between crystal solid to liquid). 
While inorganic glass substances have a precise Tg value, thermoplastic polymers can feature another Tg at a lower temperature 
under which they become rigid and fragile and thus very easy to brake. Besides that, for temperature values higher than Tg such 
polymers feature elasticity  and the capability to undergo plastic deformations without encounter critical failures. This is the 
characteristic that is most exploited in technical applications. Glass transition values most commonly referred to are not averaged 
values, since this Tg depends on the temperature gradient with which cooling is performed and (as far as polymers are conceived) 
even on the distribution of the molecular average weights. 
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There are several advantages and disadvantages of the B-Stage pre-preg process in 
comparison to the hot injection process. Pre-preg allows impregnating the fibers on a 
flat workable surface, or rather in an industrial process, and then later form the 
impregnated fibers to a shape which could prove problematic for the hot injection 
process. Prepreg also allows impregnating a bulk amount of fiber and then store it in 
a cooled area for an extended period of time to cure later. Unfortunately the process 
can also be time consuming in comparison to the hot injection process and the added 
value for pre-preg preparation is at the stage of the material supplier. 
In the present paper, the application of three basic prepregs will be discussed and 
analysed: the GG630 prepreg, which is a 2x2 twill-weave fabric; the GG200 prepreg, 
which is a plain-weave fabric; and the UD 200 prepreg, which is a unidirectional 
fabric. The meaning of the aforementioned specifications will be discussed in detail. 
 
1.7 – Brief history of carbon fibers 
Carbon fibers though known since Thomas Edison's development of the incandescent 
light in the 1870s, were not made in large quantities until the late 1960s. At that time 
it was found that carbonizing several fibrous materials resulted in a continuous fiber 
with relatively low density and high Young's modulus of elasticity. This fiber could 
then be used much as glass fiber had been used: to provide a continuous 
reinforcement in various resin systems for the fabrication of structural components. 
Initial interest was in the aerospace field, where the advantages of low weight and 
high strength/stiffness are most obvious. Substantial broadening of the application 
base has taken place since then to include recreational sports equipment as well as 
industrial and commercial products. 
The price of carbon fibers has dropped dramatically, and its mechanical properties 
have increased. In the early 1970s, the cost of carbon fibers exceeded $220/kg. 
Carbon fibers produced in the 1980s possessed more impressive properties and sell 
for as low as $9/kg. As prices continued to drop and mechanical property values to 
rise, the number of applications for continuous filament carbon fibers grew especially 
for race car production. 
 
Let’s compare a middle eighties race car with a recently constructed race car as an 
example. Many differences able to provide a better understanding can be noticed. The 
monocoque was once a fiber-glass component, while today monocoques are carbon-
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fiber components. Suspensions steel ribs have been replaced by carbon fiber ribs. 
Calipers are no longer steel components: they are carbon fiber component as well. 
There are so many other examples that could be made here. To be more general, a 
part from the engine (which includes many sub-components each one of them with its 
own story) it is possible to say that nowadays 75% of a race car is made of carbon 
fiber composite material components. 
 
1.8 – How carbon fibers are born 
Continuous filament carbon fibers are produced by decomposing-by-heating fibers 
that contain enough carbon so that the resultant carbon fiber is both physically and 
economically attractive. Carbon fibers retain the physical shape and surface texture of 
the precursor fibers from which they have been made. Commercial quantities of 
carbon fibers are derived from three major feedstock or precursor sources: rayon, 
polyacrylonitrile (PAN), and petroleum pitch. 
Generally, the precursor-to-carbon-fiber conversion process follows this sequence: 
stabilization, carbonization, graphitization (optional), surface treatments, application 
of sizings or finishes, and spooling. Stabilization is carried out at temperatures 
<400°C in various atmospheres. The fibers are often stressed during this stage of the 
process to improve the orientation of the molecular structure and increase carbon 
fiber strength and modulus. 
All fiber-handling equipment is designed to minimize any damage that could occur in 
transit from one sequence to the next throughout the conversion process. 
Carbonization is accomplished at temperatures from 800 to 1200°C. With all 
precursor categories, the higher the process temperatures that are used in 
carbonization and graphitization, the higher the modulus of the resultant fibers. 
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2 – The essential prepreg theory 
Combining materials to compensate for the shortcomings of one, such as the use of 
straw in mud bricks of ancient times, or to capitalize on the advantages of another, as 
in today's composites, has a long history. Roman engineers used the properties of 
stone as the aggregate in concrete to build structures that survived the Roman empire. 
Unfortunately, the concept died with the Romans and was not rediscovered until the 
advent of Portland cement. 
 
The Japanese combined hard but brittle materials with ductile ones to make laminated 
swords with properties respectable by today's standards. 
 
Both classes of composites continue to be developed, and the mud brick has evolved 
into reinforced plastic, with growing applications in fields where cost is the prime 
concern. Where performance is the criterion, as in race car structures, fiber 
composites predominate. 
 
 
2.1 - Reinforcement materials 
 
Fiber reinforcement materials are available in a wide variety of forms:  
1)  Natural fibers (jute and sisal), formerly used for economy, but now generally 
supplanted by synthetics with better properties and lower costs 
 
2)  Synthetic organic fibers, both thermoplastic (such as nylon, polyester, and 
polypropylene), and thermosetting (such as the aramids), which offer low 
densities and high strengths but low stiffnesses. The range of application is 
limited because of their low stiffness 
 
3)  Synthetic inorganic fibers (such as glass, boron, carbon, aluminum oxide, and 
silicon carbide), of which glass use far outstrips the others, primarily because 
its cost is much lower. 
 
The wide range of properties available from reinforcements is indicated by the values 
in Table l. The  densities range from 1.36 g/cm
3
 for the polyester to 3.96 g/cm
3
 for the 
aluminum oxide. The strength variation is from 1100 MPa for the polyester to 4130 
MPa for the S-glass. The stiffnesses cover the range from 13.8 GPa to more than 345 
GPa. One or more types of fibers may be combined with any of a number of matrix 
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materials. Thus, the composite designer has a far wider selection of mechanical 
properties than are available in conventional structural materials. Almost all of these 
reinforcement materials (except polyester) are characterized by linear stress-strain 
relationships over their entire tensile load range, as shown in Fig. 1.  
 
 
Fig. 1 
 
As illustrated, the very high modulus fibers are limited to 1% strain or less; aramid 
and the glasses can accommodate strains of 3 to 4%. In composites, however, the 
same linear range of response as in the fibers alone may not be achieved, because of 
nonlinear responses of the matrix material. 
 
2.2 - Matrix materials 
 
Matrix materials cover the range from polymers to metals to ceramics. The polymers 
are characterized by low densities, relatively low strengths, a nonlinear stress-strain 
relationship (Fig. 2), and relatively high strains-to-failure. Polymeric matrix 
composites can be manufactured more readily and can incorporate higher volume 
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fractions of the reinforcing fibers than composites with metal or ceramic matrices. 
For these reasons, polymers are the most generally used matrix materials.  
 
 
Fig. 2 
 
 
2.3 - Basic concept  of fiber-reinforced composites and the RVE 
 
The fundamental building block upon which fiber-reinforced composites are based is 
an element of a  unidirectional array of fibers in a surrounding matrix, as illustrated in 
Fig. 3. In the element or lamina, the basic fiber unit is generally a multifilament yarn 
containing hundreds of individual filaments. 
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Fig. 3 
 
 
 
These filament bundles may retain their individual identity, as shown in Fig. 4 or, 
more commonly, they may disperse and intermingle to form a random but more-or-
less uniform distribution of filaments throughout the cross section (Fig. 5). 
 
 
Fig. 4 
 
Figure 5 shows the typical disarray, with irregular gaps and some contiguity 
encountered in a composite.  
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Fig. 5 
 
The particular cross section shown is of glass filaments; carbon fibers would also be 
random in distribution and have some irregularity in fiber cross section. Similarly 
shaped irregularities are evident in the crystal structure of metals at the appropriate 
magnification level. In both metals and composites, a kind of orderly disorder exists, 
which varies with the magnification. The implications of changes with magnification 
levels are important to understand the development of the analysis of the mechanics 
of composites. The fibers, for example, would be treated as brittle materials having a 
statistical strength distribution and some definable geometry. This constituent 
information defines a characteristic unit cell at the microscopic level. At 1000x, a 
large number of these unit cells are seen. Collectively, they define a typical region, 
called a Representative-Volume-Element (RVE). The properties of this element 
define the characteristics of the material. It is at the level of the RVE, corresponding 
to fiber bundles and their associated matrix that the effective properties of a 
composite material can be defined. These are the desired material properties that 
relate average values of the state variables. From the RVE, the properties can be 
translated from the micro to the macro level. The properties of the assemblage of 
elements are volume-averaged properties that vary from point to point (where the 
point may be chosen at the center of the RVE), with the variation defining the 
statistical variability on the macro scale (200 x ). These assemblages are still of very 
small dimensions compared to the overall material, and, importantly, are small 
compared to the characteristic dimension over which any of the average stress or 
strain variables would change significantly. 
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2.4 – Basic concept of isotropy and anisotropy 
 
Mechanical properties, such as stiffness, and expansion coefficient, are values 
relating state variables in a material, such as stress, strain, and temperature. If the 
properties vary from point to point, as at the RVE level in the composite, the material 
is identified as heterogeneous. Because the average values of the state variables 
within an RVE are often a concern, the term effective properties will be used. This 
concept is illustrated in Fig. 6, in which a heterogeneous material subjected to a 
uniform stress,    in the y direction, has an internal stress distribution that varies 
from point to point in the x direction by approximately an average value,  ̅ , which is 
equivalent to the uniform stress in a homogeneous material. If the properties vary 
with direction, the material is identified as anisotropic, of which there are many 
types.  
 
 
Fig. 6 
 
Those that exhibit particular symmetries have special names, such as orthotropic and 
cubic. Figure 7, in which the distance from the origin in any direction is a measure of 
the material effective stiffness, shows that both a unidirectional carbon fiber 
composite and a biaxial fiberglass fabric are anisotropic, but in very different ways, 
while the aluminum is isotropic. The fiber composite shows a maximum stiffness in 
the fiber direction, 0°, and a minimum at 90°. The fabric shows the characteristic 
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minimum stiffness in the bias (45°) direction of woven biaxial fabrics. The aluminum 
is uniformly stiff in all directions.  A unidirectionally fiber-reinforced composite 
behaves like a homogeneous anisotropic material. 
 
 
Fig. 7 
 
2.5 – Isotropic material properties. 
 
In general, the distribution of fibers over a given cross section is adequately random 
so that transversely they provide no preferential direction of reinforcement. Thus, the 
unidirectional composite is effectively transversely isotropic. It can be shown that the 
effective elastic properties of a transversely isotropic material can be fully 
characterized by five elastic constants, as illustrated in Fig. 8 (note that the 
transverse, or TT, plane is isotropic) and defined as: 
 
A longitudinal Young's modulus,   , and associated Poisson's ratio,   , where    is 
defined by the inverse ratio of longitudinal strain,   , to simple, uniform, 
unidirectional stress applied in the fiber direction,    
 
   
  
  
 
 
    is defined by the negative ofthe ratio of the associated transverse strain,   , to the 
longitudinal strain: 
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Fig. 8 
 
 
A longitudinal shear modulus,    , defined by the inverse ratio of shear strain,    , to 
pure shear stress in a longitudinal plane,     
 
       
   
   
 
 
A transverse shear modulus,    , similar to    . but for pure shear stress,    , and 
strain,    , in the Transverse plane: 
 
       
   
   
 
 
A transverse bulk modulus,    ., defined for the case of equal transverse stresses,   , 
which produce equal transverse strains,    (in the absence of longitudinal strains): 
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With these five basic elastic constants evaluated, any other desired constant may be 
calculated. For example, the transverse Young's modulus,   , which is the same in all 
directions in the TT plane, is:  
 
 
   
    
  [  
    
 
  
]   
 
 
 
2.6 – Typical numerical values 
 
Defining the basic elastic constants in terms of loading conditions makes possible the 
measurement of the elastic properties needed for design and analysis. This empirical 
approach is necessary and sufficient for metals as well as for the constituent 
properties in composites. Composites have an element of complexity because their 
constituents may be combined in various ways. Therefore, determining the properties 
of the many combinations for all feasible cases becomes a practical impossibility. 
Accordingly, analytical methods have been developed to permit the derivation of 
predicted composite properties from the properties of their constituents. 
 
 
Fig. 9 
 
 
Before considering the technology behind performance potentials of fiber properties 
(such as those displayed in Table 1), Table 2 and Fig. 9 should be reviewed because 
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they summarize typical properties attainable in the current state of the art. Table 2 
presents data on the mechanical properties of typical fiber-epoxy composites and of 
reinforcements covering the currently available stiffness range of 72.3 to 530 GPa. 
New fibers continually become available. Included for comparison are properties for 
the aluminum alloys 2024-T3 and 7075-T6 and the chrome-molybdenum steel 4130. 
Table 2 reveals the characteristic effectiveness for all composites of the use of fiber 
properties as reinforcements in the fiber direction, and the general ineffectiveness of 
reinforcement transverse to the fibers. 
 
 
 
2.7 - Structural efficiency 
 
Disparities in properties are being successfully accommodated, as evidenced by the 
ever widening range of fiber reinforced composite applications. A proper perspective 
for this success can be attributed to Galileo, who defined an important measure of a 
material as the longest length of a uniform bar of the material that could be hung 
vertically from a height without breaking. This measure of "structural efficiency" is 
simply the strength/density ratio of the material, in the units of Table 2 equal to 
  
    , in meters (feet). 
 
A similar measure of structural efficiency when deflection and strength are concerned 
is the modulus/density ratio from Table 2. For generalized comparisons of materials, 
the simple measures   
     and      are adequate to portray structural composite 
weight savings potentials when loading is uniaxial. A comparison of this kind is 
presented in Figure 9, where specific tensile strength   
     and specific modulus 
     values are plotted for a wide range of composites and structural metals. For 
aluminum and steel, the range of strengths available through changes in heat 
treatment, alloy content, and so forth, are represented by the range of values of   
   
 , that is the moduli are not affected by such changes. For the composites, however, 
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both strength and stiffness may be substantially altered by changes in reinforcement 
configuration and volume fraction. Hence, the composite curves cover a range of 
values of both   
     and     . The maximum values of   
     and      represent 
the substantial weight savings potentials provided by fiber composites - factors of 
two to three in most cases, for specific strength or modulus or both. Unfortunately, 
the practical attainment of these potentials is complicated by less favorable factors, 
primarily low transverse properties. To provide improved transverse properties, 
composites commonly are used in laminates, such as plywood, with individual layers 
at different ply orientations. Thus, the laminate gains enhanced transverse properties 
at the expense of some of the potential inherent in the unidirectional material. This 
loss of potential is evidenced by the lowest values indicated by the curves in Fig. 9. 
 
 
 
2.8 - Other Reinforcement Forms. 
 
In addition to continuous filaments, which offer the greatest potential for 
performance, other forms of reinforcement include: 
 
1)  Chopped fibers, usually used in molding compounds, for ease in the formation 
of complex shapes 
2)  Continuous-strand rovings, or multiple-filament bundles, for economy of 
manufacture of thick sections 
3)  Mats, that is, random or semi-oriented arrays of fibers of varying lengths, for 
economical reinforcement in bulk, and for ease in the formation of complex 
shapes when performance requirements are less important than economy 
4)  Woven fabrics of various configurations, to provide a compromise between 
the maximum performance attainable with unidirectional fibers and the ease of 
handling and formability of chopped fibers and mats. 
 
In many manufacturing processes, as already mentioned,  reinforcements are pre-
impregnated with resin to form a partially cured composite, known as a prepreg. This 
form can be converted to the desired end shape during the final curing step of the 
fabrication process. 
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2.9 – Brief outline of fabrication processes 
 
Fabrication processes for fiber-reinforced composites usually employ a die mold or 
mandrel to establish the desired shape, a method of fining the fibers and resin to this 
shape, and a method of applying proper curing conditions (temperature and pressure 
as a function of time, along with provisions for removing excess resin and volatiles).  
Options include: 
 
1) Contact molding, in which the prepregs are placed in an open mold and cured. 
When a flexible bag is used to cover the composite, and pressure or vacuum 
and heat are applied to speed the cure and improve the quality of the part, the 
process is called bag molding. Further increases in pressure can be achieved by 
using an autoclave. Contact molding is generally used when the production 
quantities are too small to justify the cost of closed dies. 
 
2)  Compression and injection molding, in which closed, matched dies (male and 
female) are used and the composite is either placed into the mold before it is 
closed (compression molding) or injected into the closed mold (injection 
molding). With the addition of heat and pressure, parts of uniform quality can 
be produced  Filament winding, in which filaments are wrapped around a 
mandrel to form a part. Sophisticated filament winding have been developed to 
wind complex shapes with precisely oriented reinforcements 
 
3) Pultrusion, a continuous, extrusion-like process, which efficiently produces 
low-cost, accurate, finished shapes of constant cross section 
 
4)  Braiding, a variant of molding or filament winding, in which a braid of 
filaments replaces a single filament in the process, in order to gain transverse 
strength, but at the expense of some longitudinal properties in some 
applications 
 
This variety of fabrication processes allows the designer the freedom to tailor fiber 
composite characteristics to meet specific requirements by precisely placing any 
number of fibers in specific locations and directions. 
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2.10 – Fabric design 
The fabric pattern, often called the construction, is an x, y coordinate system. The y-
axis represents warp yarns and is the long axis of the fabric roll (typically 30 to 150 
m, or 100 to 500 ft). The x-axis is the fill direction, that is, the roll width (typically 
910 to 3050 mm, or 36 to 120 in.). Basic fabric weaves are few in number, but 
combinations of different types and sizes of yarns with different warp/fill counts 
allow for hundreds of variations. The most common weave construction used for 
everything from cotton shirts to fiberglass stadium canopies is the plain weave, 
shown in Fig. 10. The essential construction requires only four weaving yarns: two 
warp and two fill. This basic unit is called the pattern repeat. Plain weave, which is 
the most highly interlaced, is therefore the tightest of the basic fabric designs and 
most resistant to in-plane shear movement. 
 
Fig. 10 
Basket weave, a variation of plain weave, has warp and fill yarns that are paired: two 
up and two down. When basket-weave features a two-by-two pattern is called “twill”. 
The satin weaves represent a family of constructions with a minimum of interlacing. 
In these, the weft yarns periodically skip, or float, over several warp yarns, as shown 
in Fig.11. 
The satin weave repeat is x yarns long and the float length is x - I yarns; that is, there 
is only one interlacing point per pattern repeat per yarn. The floating yams that are 
not being woven into the fabric create considerable looseness or suppleness. The satin 
weave produces a construction with low resistance to shear distortion and is thus 
easily molded (draped) over compound curves, such as the wingroot area of the 
mainplane of a race car. This is one reason that satin weaves are preferred also for 
many other aerospace applications. 
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Satin weaves can be produced as standard four-, five-, or eight-harness forms. As the 
number of harnesses increases, so do the float lengths and the degree of looseness and 
 
Fig. 11 
sleaziness, making the fabric more difficult to control during handling operations. 
Textile fabrics generally exhibit greater tensile strength in plain weaves, but greater 
tear strength in satin weaves. This distinction fades in the composites field. 
The ultimate laminate mechanical properties are obtained from unidirectional-style 
fabric (Fig. 12), where the carrier properties essentially vanish in the laminate form. 
The higher the yarn interlacing (for a given-size yam), the fewer the number of yarns 
that can be woven per unit length. The necessary separation between yarns reduces 
the number that can be packed together. This is the reason for the higher yarn count 
that is possible in unidirectional material and its better physical properties. 
Unidirectional material has the most "unbalanced" weave and is usually reserved for 
special applications involving hardware with axial symmetry. 
 
Fig. 12 
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Weave construction is the realm of the textile engineer, but fabric mechanical 
properties and how they translate into the laminate are concerns of the composite 
design engineer. Maximum directional properties for the minimum material 
(thickness) are attained with unidirectional-style material. The more usual goal of 
balanced properties requires two-directional styles. The fiber obviously dominates 
those properties carried by the fabric into a structural composite. 
In order to keep focus on the subject of this paper, let’s recall what has already been 
mentioned about the material that has been used in the lamination of the mainplane of 
the Dallara T12 race car. In the present paper, the application of three basic prepregs 
will be discussed and analysed: the GG630 prepreg, which is a 2x2 twill-weave 
fabric; the GG200 prepreg, which is a plain-weave fabric; and the UD 200 prepreg, 
which is a unidirectional fabric. 
As a conclusion to this paragraph, a table will be shown containing an exposition of 
common fabric styles and composite properties: 
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2.11 – Weave patterns 
Woven fabrics are one of the most widely used fiber reinforced resin forms. Fabrics 
typically offer flexibility in fabrication technique, but at a higher cost than other 
prepreg forms. The designer must consider these and other factors before selecting a 
prepreg form for structural application. 
Fibers can be woven into many different types of weave patterns, widths, and 
thicknesses. The warp yarns, or ends, lie in the lengthwise (machine) direction of the 
fabric, whereas the filling yarns, or picks, lie crosswise, at right angles to the warp 
yarn. Fabric construction is specified by the number of warp yarns per centimeter of 
fabric width and the number of filling yarns per centimeter in the lengthwise 
direction. Therefore, fabric weight, thickness, and breaking strength are proportional 
to the number and types of warp and filling yarns used in weaving. 
A variety of weave patterns can be used to interlace the warp and filling yarns to 
form a stable fabric (see Fig. 13). The weave pattern controls the handling 
characteristics of a fabric and, to some degree, the properties of a product that uses it 
as reinforcement. 
 
Fig. 13 
The plain weave (GG200 - Dallara T12 mainplane), which interlaces one warp yarn 
over and under one filling yarn, demonstrates the greatest degree of stability with 
respect to yarn slippage and fabric distortion; yarn count and content, however, also 
contribute to fabric stability. 
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The basket weave has two or more warp yarns that interlace over and under two or 
more filling yarns. Although the basket weave is less stable than the plain weave, it is 
more pliable and will conform more readily to simple contours. 
The twill weave (GG630 - Dallara T12 mainplane) interlaces one or more warp yarns 
over two and under two or more filling yarns in a regular pattern. This produces 
either a straight or a broken diagonal line in the fabric, which consequently has 
greater pliability and better drapability than either plain-woven or basket-woven 
fabric. 
A crowfoot satin weave has one warp yarn interlacing over three and under one 
filling yarn in an irregular pattern, resulting in a pliable fabric capable of conforming 
to complex or compound contours. 
The 8-end satin weave has one warp yarn interlacing over seven and under one filling 
yarn in an irregular pattern, which yields a pliable fabric that will readily conform to 
compound contours. Since this weave pattern allows a comparatively high yarn count 
per centimeter and fewer fiber distortions, it translates 
into better strength properties in all directions than a tighter weave, such as the plain 
weave. 
Nonwoven unidirectional fabrics can be produced by chemically bonding the warp 
and filling yarns rather than interlacing them. Although the chemical bonding 
contributes to the stability of these nonwoven products, they tend to be somewhat 
firm and therefore do not readily conform to complex or compound contours. 
The handling characteristics of a fabric are determined by the yarn count and the 
weave pattern holding the yarns together. If the weave pattern is too tight, the fabric 
will not conform to various contours and will not accept resin, resulting in a weak 
composite. On the other hand, if the weave pattern is too open or loose, the fabric will 
not contain sufficient fiber to attain its maximum possible strength and will be easily 
distorted, precluding the alignment of the fibers with preferred strength axes. 
  
34 
 
2.12 – Hints on prepreg production 
The fiber is typically converted into a prepreg by bringing a number of spooled tows 
into a collimated form, as shown in Fig. 13. The prepregging operation consists of 
heating a matrix resin to obtain low viscosity and creating a well-dispersed fiber-resin 
mass. The amount of fiber is controlled by the number of tows brought into the 
prepreg line, and the resin can be cast onto the substrate paper either on the prepreg 
line or in a separate filming operation to obtain the desired fiber-resin ratio. 
The prepreg is calendered to obtain a uniform thickness and to close fiber gaps before 
being wound on a core. Substrate paper is ordinarily left between layers of tape. The 
paper can be any releasing film but is typically a calendered paper coated with a 
nontransferable, cured silicone coating. This substrate paper is available in many 
forms, which can be matched to the tack of the matrix resin and to the user's needs. 
The finished product, a thin sheet of fiber-reinforced resin, is usually wound on a 
cardboard core and interleafed with paper, as described above. 
 
2.13 – Mechanical and physical properties 
Reinforcement fibers by their nature are, as we already mentioned, anisotropic 
(reinforcing primarily in one direction). Consequently, unidirectional patterns 
reinforce primarily in the 0° direction of the reinforcing fibers. Other structural 
properties also vary depending on fiber direction. Physical properties that are critical 
to the selection of a material form include tack, flow, gel time, and drape. 
Tack, which is the measure of the adhesion of the prepreg to tool surfaces and to 
other prepregs, is an adhesion characteristic that is controlled in order to facilitate 
lay-up operations. It is affected by the apparent viscosity of the resin, which may be 
affected by inert volatile content, advancement of the matrix cure, or lay-up room 
temperature and humidity. Sometimes tack can be increased by increasing resin and 
volatile contents, by retarding prepreg advancement, or by increasing lay-up room 
temperature or humidity.  
Drape is the measure of the formability of a material around contours, which is 
critical to fabrication costs. Drapability is typically measured by the ability of a 
prepreg to be formed around a small-radius rod. The pass/fail criterion for drape is 
the ability to undergo this forming without incurring fiber damage. This measurement 
translates to the ability of fabrication personnel to form the prepreg to complex tools. 
Drape is one property where tapes differ from other prepreg forms. Tapes are 
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typically less drapable than fabric forms of prepreg, and this difference must be 
considered when specifying a prepreg form for manufacture. It is essential that 
prepregs for structural applications be staged to desirable tack and drape qualities. 
The combination of manageable tack and drape is best attained from woven satin 
fabric-reinforced prepregs. Cross-plied or multiplied prepregs are sometimes used to 
provide transverse strengths for lay-ups of broad goods. The term broad goods refers 
to wide prepreg tape (>305 mm) that consists of one or more plies of tape oriented at 
0° or off-axis to each other. 
 
2.14 – Fiber orientation: the search for isotropy 
Fibrous reinforcements by nature reinforce primarily in the 0° direction, parallel to 
the longitudinal axis of the fiber. The consensus is that the discrepancy in directional 
properties is due to the presence of flaws in the fiber. Properties in the 0° direction 
are maximized because of the small cross-sectional dimensions of the fiber. The 
stress-strain response of an orthotropic (unidirectional) ply is characterized by high 
modulus of elasticity, strength, and elongation parallel to the fibers, whereas the 
corresponding values in the transverse direction are relatively low. When a number of 
plies are laminated at several orientations, the stress-strain relationship will be 
intermediate to the longitudinal and transverse relations. As the number of oriented 
plies is increased, the isotropic strength is approached asymptotically. Four ply 
directions are sufficient, and a 0°/90°/±45° laminate can be selected for isotropic 
simulation. This is one limitation to the designer using a unidirectionally reinforced 
matrix material. 
Using Fig. 14 as a reference, we can summarize some important observations on 
material properties in respect to form of reinforcement: 
 Maximum properties in load direction 1 are achieved by unidirectional 
lamination of continuous fiber reinforcement. 
 In a unidirectional laminate, mechanical properties in load direction 2 and 3 are 
much lower than in load direction 1, and are highly dependent on the matrix 
resin. 
 Bidirectional reinforcement can be achieved by cross-plying unidirectional  
tapes or broad goods, and by using woven fabric reinforcement. 
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 Strength can be tailored to end-use requirements by directional placement of 
individual plies of reinforcement, such as 0°/90°/60°/60°/90°/0°, or 
0°/45°/45°/0, and so forth. 
 Mechanical properties of discontinuous fiber reinforced composites (chopped-
fiber or chopped-fabric molding compounds) are usually substantially lower 
than those of continuous filament reinforced composites. 
 Properties of composites made from molding compounds are generally 
omnidirectional in the plane of the part unless flow in molding causes 
directional orientation of the reinforcing fibers. 
 
 
Fig. 14 
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2.15 – Hand lay-up 
Historically, tapes have primarily been used in hand lay-up applications in which the 
operator cuts lengths of tape  and places them on the tool surface in the desired ply 
orientation. Although this method uses one of the lower-cost forms of reinforcement 
and has a low facility investment, it results in a high material scrap rate, fabrication 
time/cost, and operator-to-operator part variability. The scrap factor on this type of 
operation can exceed 50%, depending on part complexity and size. Auxiliary 
processing aids are used extensively to expedite the lay-up operation and to use 
molds and tools more efficiently. It is customary to presize the laid-up ply before it is 
applied to the mold. Usually, an auxiliary backing is fixed in position on the lay-up 
tool, which is sometimes equipped with vacuum ports to anchor the backings. 
The presized plies are first laid up and oriented on the templates. When the mold is 
available for the lay-up, the plies are positioned on them and transferred. Positioning 
is achieved by using the references used for indexing. Reference posts for the 
templates are sometimes located on the mold; corresponding holes in templates fit 
exactly over the posts. In some cases, the templates are shaped so that they fit only 
one way in the mold. 
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3 – Brief outline of Stress Theory 
3.1 - Stress distribution within an object 
Internal reactive forces are produced between the particles of a deformable object, 
assumed as a continuum, as a reaction to applied external forces, i.e., either surface 
forces or body forces. This reaction follows from Euler's laws of motion for a 
continuum, which are equivalent to Newton's laws of motion for a particle. A 
measure of the intensity of these internal forces is called stress. Because the object is 
assumed as a continuum, these internal forces are distributed continuously within the 
volume of the object. 
 
Fig. 15 
In engineering, stress distribution within an object, is determined through a stress 
analysis. Calculating the stress distribution implies the determination of stresses at 
every point (material particle) in the object. According to Cauchy, the stress at any 
point in an object (Figure 15), assumed as a continuum, is completely defined by the 
nine stress components     of a second order tensor known as the Cauchy stress 
tensor  : 
  [
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After the stress distribution within the object has been determined with respect to a 
coordinate system (x,y), it may be necessary to calculate the components of the stress 
tensor at a particular material point P with respect to a rotated coordinate system 
(x’,y’), i.e., the stresses acting on a plane with a different orientation passing through 
that point of interest — forming an angle with the coordinate system (x,y) (Fig. 16). 
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For example, it is of interest to find the maximum normal stress and maximum shear 
stress, as well as the orientation of the planes where they act upon. To achieve this, it 
is necessary to perform a tensor transformation under a rotation of the coordinate 
system. From the definition of tensor, the Cauchy stress tensor obeys the tensor 
transformation law. A graphical representation of this transformation law for the 
Cauchy stress tensor is the Mohr circle for stress. 
 
Fig.16 
It is possible to show that in a two-dimensional environment, the stress tensor at a 
given material point P with respect to any two perpendicular directions is completely 
defined by only three stress components. For the particular coordinate system (x,y) 
these stress components are: the normal stresses    and   , and the shear stress    . 
From the balance of angular momentum, the symmetry of the Cauchy stress tensor 
can be demonstrated. This symmetry implies that        . Thus, the Cauchy stress 
tensor can be written as: 
  [
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3.2 - Mohr’s Circle 
Mohr's circle, named after Christian Otto Mohr, is a two-dimensional graphical 
representation of the transformation law for the Cauchy stress tensor. 
After performing a stress analysis on a material body assumed as a continuum, the 
components of the Cauchy stress tensor at a particular material point are known with 
respect to a coordinate system. The Mohr circle is then used to determine graphically 
the stress components acting on a rotated coordinate system, i.e., acting on a 
differently oriented plane passing through that point. 
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The abscissa,    and ordinate,    of each point on the circle, are the magnitudes of 
the normal stress and shear stress components, respectively, acting on the rotated 
coordinate system. The circle is then the locus of points that represent the state of 
stress on individual planes at all their orientations, where the axes represent the 
principal axes of the stress element. 
 
Fig. 17 
Mohr's representation is extended to both two- and three-dimensional stresses and it 
develops a failure criterion based on the stress circle. The target is to use the Mohr 
circle to find the stress components    and    on a rotated coordinate system (x’,y’), 
i.e., on a differently oriented plane passing through P and perpendicular to the x~y 
plane (Figure 17). The rotated coordinate system (x’,y’) makes an angle   with the 
original coordinate system (x,y). 
To derive the equation of the Mohr circle for the two-dimensional cases of plane 
stress and plane strain, first consider a two-dimensional infinitesimal material 
element around a material point P (Figure 17), with a unit area in the direction 
parallel to the y~z plane, i.e., perpendicular to the page. 
From equilibrium of forces on the infinitesimal element, the magnitudes of the 
normal stress    and the shear stress     are given by: 
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(     )    (  )        (  ) 
 
Both equations can also be obtained by applying the tensor transformation law on the 
known Cauchy stress tensor, which is equivalent to performing the static equilibrium 
of forces in the direction of    and   . 
These two equations are the parametric equations of the Mohr circle. In these 
equations,    is the parameter, and    and    are the coordinates. This means that by 
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choosing a coordinate system with abscissa    and ordinate   , giving values to the 
parameter   will place on a circle the points you work out. 
Eliminating the parameter    from these parametric equations will yield the non-
parametric equation of the Mohr circle. This can be achieved by rearranging the 
equations for    and   , first transposing the first term in the first equation and 
squaring both sides of each of the equations then adding them. Thus we have 
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Where: 
  √[
 
 
(     )]
 
       is the radius of the circle (based on the equation of a circle 
passing through two points). 
 
     
 
 
(     ) is the abscissa of the center O 
 
So the equation of the Mohr circle belongs to the the family: 
(   )  (   )     
with radius     centered at a point with coordinates (   )  (      ) in the 
(     ) coordinate system. With this knowledge, you may draw the Mohr’s circle, 
following the chosen sign convention
2
. 
 
                                               
2 From the convention of the Cauchy stress tensor, the first subscript in the stress components denotes the face on which the stress 
component acts, and the second subscript indicates the direction of the stress component. Thus     is the shear stress acting on the 
face with normal vector in the positive direction of the x-axis, and in the positive direction of the y-axis. 
There are separate sign conventions for stress components in the "physical space" and for stress components in the "Mohr-circle 
space". The engineering mechanics (structural engineering and mechanical engineering) literature follows a different sign 
convention, for both the physical space and the Mohr-circle space, from the geomechanics literature. There is no standard sign 
convention, and the choice of a particular sign convention is influenced by convenience for calculation and interpretation. 
 
42 
 
 
 
3.3 - Finding principal normal stresses 
The magnitude of the principal stresses are the abscissas of the points C and E where 
the circle intersects the   -axis. The magnitude of the major principal stress    is 
always the greatest absolute value of the abscissa of any of these two points. 
Likewise, the magnitude of the minor principal stress    is always the lowest absolute 
value of the abscissa of these two points. As expected, the ordinates of these two 
points are zero, corresponding to the magnitude of the shear stress components on the 
principal planes. Alternatively, the values of the principal stresses can be found by 
               
               
 
 
3.4 - Finding principal shear stresses 
The maximum and minimum shear stresses correspond to the abscissa of the highest 
and lowest points on the circle, respectively. These points are located at the 
intersection of the circle with the vertical line passing through the center of the circle, 
O. Thus, the magnitude of the maximum and minimum shear stresses are equal to the 
value of the circle's radius R. 
           
 
3.5 – Mohr’s Circle and fiber orientation 
One of the fundamental advantages of laminates is their ability to adapt and control 
the orientation of fibers so that the material can best resist loadings. It is therefore 
important to know the plies contribute to the laminate resistance, taking into account 
their relative orientation with respect to the loading direction. Figure 18 through 23 
show the favorable situations and those that should be avoided. 
Let us focus on figure 18 for a moment. A unidirectional layer is considered. The first 
case refers to a favorable situation, where you get tension-compression along the 
fibers direction. The second case refers to a bad situation, where you have tensions 
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that are perpendicular to the fibers direction. The resin is in charge of supporting the 
load much more than the fibers are, which leads to a more fragile configuration. 
 
Fig. 18 
Recall the Mohr circle (fig 19). See as an example the stress state of fig. HXB and its 
associated Mohr circle. 
 
Fig. 19 
 
Fig. 20 
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In figure 21, the Mohr circle for stress shows that the 45° fibers support the 
compression       (  is the arithmetic value of shear stress), while the resin 
supports the tension      with low fracture limit. The fibers in figure 22 support 
the tension      whereas the resin supports the compression      . In figure 23 
you have deposited the fibers at 45° and -45°. Taking into account the previous 
remarks, you observe that the 45° fibers can support the tension      whereas the -
45° fibers can support the compression      . The resin is less loaded than 
previously. 
 
Fig. 21 
Considering the working mode of the plies as discussed so far, figure 24 provides a 
list of the most frequently used orientations. The 0° direction corresponds to either 
the main loading direction, a preferred direction of the component being considered, 
or the axis of the chosen coordinate system. 
 
Fig. 22 
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Fig. 23 
 
Fig. 24 
The proportion and the number of plies that have to be placed along each direction 
(0°, 90°, 45°, -45°) must foresee the mechanical loading that is applied to the 
laminate at the location being considered. Membrane loading is the method of 
loading the laminate in its own plane. (remember that the laminate can also work in 
bending). Three key points should be generally considered by the designer as long as 
ply configuration is concerned: 
1) Support the loading without deterioration of the laminate. 
2) Limit the deformation of the loaded component. 
3) Minimize the weight of the material used. 
These criteria do not always work together though. For example, searching for 
minimum thickness might not be compatible with thin rigidity. Searching for high 
rigidity might not suit minimum weight on the other hand. 
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4 – Failure of laminates 
Figure 25 shows schematically different types of failure loading to damage of a 
laminate. The main modes of damage, when loads exceed critical limits are illustrated 
in Fig. 26. Now, figure 27 shows a unidirectional laminate loaded successively in two 
different manners, (a) and (b). In the two cases, the maximum normal stress has the 
same value denoted as  . In the loading case (a), the unidirectional specimen will 
rupture when 
                    
This is the maximum stress criterion. In the loading case (b), the maximum normal 
stress occurs in a direction that is different from the one of the fibers (you can obtain 
this result by tracing the Mohr’s circle). Rupture resistance decreases. It is weaker 
than the situation of case (a). The unidirectional laminate therefore ruptures when 
                   
This phenomenon is more evident if the unidirectional laminate is loaded in a 
direction transverse to the fibers. In this case, the laminate rupture resistance is that of 
the matrix, which is much less than that of the fibers. Taking into consideration the 
evolution of the rupture resistance with the loading direction, you cannot use a simple 
maximum stress criterion like the way you did when classical metallic materials were 
concerned. The most frequently used criterion is the Hill-Tsai Failure Criterion, as far 
as composite materials are concerned. This criterion will be described in the next few 
paragraphs. 
 
Fig. 25 
 
47 
 
 
Fig. 26 
 
 
Fig. 27 
 
4.1 - The concept of “lamina” 
A composite lamina is a distinct layer in a composite laminate. It consists of an array 
of continuous parallel fibers embedded in a matrix material. Lamina strength is 
greatly dependent on how it is loaded. When loaded in the fiber direction 
(longitudinal load), the lamina is very strong because the failure mode involves fiber 
breakage or buckling. However, when loaded normal to the fiber direction (transverse 
load) or in shear, a different failure mode, typically involving only matrix failure, 
occurs, and the strength is more than an order of magnitude lower. 
 
4.2 - Microscale, miniscale and macroscale 
Predicting failure in composite structures has been more of an art than a science for 
years. Although advances were achieved, they offered only general guidelines to the 
analyst, rather than a fixed set of procedures since no production computer codes 
were available to predict composite failure. 
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Failure of a composite structure can take many forms. A part can fail cosmetically, it 
can fail to maintain a desired stiffness, or it can fail to support the loads for which it 
was designed. Only the latter two closely related failure examples are essential to be 
understood in race car design. 
There are two considerations in predicting the strength and stiffness loss of a 
composite structure. The first, stress analysis of the structure, is fairly 
straightforward, at least in the linear range of structural behavior. A number of simple 
models of composite structural elements, such as beams or plates, exist for predicting 
the stresses in these elements under load. Moreover a number of finite-element codes 
are available for performing the stress analysis. A complication in stress analysis that 
has important ramifications to strength prediction is that the analysis can be 
conducted on any of three scales: 
1) a Microscale, where fibers and matrix are treated as separate elastic phases. 
2) Miniscale, where each individual lamina is treated as a separate 
homogeneous, orthotropic elastic body. 
3) Macroscale, where the entire composite laminate or structure is treated as a 
homogeneous, anisotropic elastic body. 
As might be expected, the latter two scales are emphasized for race car design 
purposes. Generally accepted models are available at these two levels for determining 
equivalent homogeneous elastic properties of laminae from properties of the fiber 
and matrix constituents, or, of the laminate from the properties of the individual 
laminae. It is important to remember that special topics in failure, such as buckling, 
fatigue loading (as mentioned in previous chapters), environmental effects, and 
dynamically applied loads are not considered while designing a race car component. 
 
4.3 - The problem of the microfailures 
Predicting composite structural strength is difficult for two other major reasons. The 
first is that, unlike stiffness, which depends on "average" properties, the initiation of 
failure is highly affected by flaws that are distributed randomly and unpredictably 
throughout the structure. These flaws, a product of the manufacturing process, 
invariably cause regions of high stress, such as resin-rich areas, areas of high void 
content, contiguous fibers, and so forth. In general, these regions are too numerous to 
be readily characterized or modeled, yet are responsible for the onset of failure. 
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Second, the strength of composite structures is affected not only by the initiation of 
failure at flaw sites, but to a large extent by the progressive growth and accumulation 
of such microfailures, which result in stiffness changes and stress redistribution that 
ultimately lead to the inability of the structure to carry its design load. Because of the 
inherently inhomogeneous nature of composites, the progressive growth of 
microfailures can take an enormous number of different paths, both within and 
between laminae, depending on the unique geometric details and loading of the 
structure in question. 
 
4.4 - Failure in compression 
If the loads in the fiber direction are compressive, the situation becomes even more 
difficult to assess. This is because many more failure modes are possible in 
compression than m tension, depending on the degree of support the lamina fibers 
receive. In essence, each fiber is a column, side supported by the surrounding matrix 
and contiguous fibers, and each lamina is a thin plate supported by surrounding 
laminae and perhaps by geometrical restraint features of the structure. Thus, failure 
under compression can occur by any of several modes: as gross structural buckling of 
the lamina; as compression/shear failure of fibers; as longitudinal splitting of the 
matrix followed by fiber instability; as fiber kinking or microbuckling; or as a 
delamination of a portion of the lamina, which then buckles, causing ultimate failure 
of the remainder of the lamina because it can no longer support the entire load. 
Several of these modes, such as kinking or microbuckling, can take place either in the 
plane of the lamina or in the through-the-thickness direction. 
Typically, tensile transverse strength is considerably less than compressive strength, 
with the tensile failure mode being one of cleavage, while the compressive failure 
mode is typically one of shear, as exhibited by the approximately 45" angle of the 
failure surface to the lamina surface (through-the+hickness slip). In either case, 
obtaining the strength is relatively straightforward, with the use of a unidirectional 
coupon tested normal to the fiber direction being typical. 
 
4.5 - Hill-Tsai Failure Criterion 
When a lamina is loaded more generally, that is, with a combination of tension or 
compression in the fiber direction, tension or compression normal to the fiber 
direction, and shear, as is typical of laminae in a multidirectionally reinforced 
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laminate, then a failure criterion that takes into account the effects of load 
interactions is necessary. Although non-interactive criteria have been applied to such 
loading situations. 
and have the advantage of simplicity, the interaction of load components has been 
well demonstrated to have a considerable effect on lamina failure. Interactive failure 
criteria can be divided into those that are phenomenological, such as the Hill-Tsai 
criterion, and those that are based on the physics of the failure process, such as that of 
Z. Hashin (the latter will not be discussed in the present paper). 
You can apply this criterion successively to each ply of the laminate, that is for each 
orientation (0°, 45°, 90°, -45°). The axes of a unidirectional ply are denoted as   for 
the direction along the fibers and   for the transverse direction. The stresses are 
denoted as    in the fiber direction,    in the direction transverse to the fibers, and     
for the shear stress, as it has been illustrated in figure 28. 
 
Fig. 28 
The Hill-Tsai number is a number    such that: if     then no ply rupture occurs. If 
the number is equal to or larger than one then rupture occurs. Generally this 
deterioration is due to the rupture of the resin. The mechanical properties of a broken 
ply become almost negligible, except for those along the fiber direction (modulus of 
elasticity and rupture resistance). 
Hill-Tsai expression: 
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The rupture resistance          does not have the same value in tension and in 
compression. It is therefore useful to place in the denominators of the Hill-Tsai 
expression the rupture resistance values corresponding to the mode of loading 
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(tension or compression) that appear in the numerator. Using this criterion, when you 
detect the rupture of one of the plies (more precisely the rupture of the plies along 
one of the four orientations), this does not necessarily lead to the rupture of the whole 
laminate. In most cases, the degraded laminate continues to resist the applied stress 
resultants. In increasing these stress resultants, you can detect which orientation can 
produce new rupture. This may – or may not – lead to complete rupture of the 
laminate. If complete rupture does not occur, you can still increase the admissible 
stress resultants. In this way you can use a multiplication factor on the initial critical 
loading to indicate the ratio between the first ply rupture and the ultimate rupture. As 
a consequence of the previous remark it appears possible to work with a laminate that 
is partially degraded. It is up to the designer to consider the finality of the application, 
to decide whether the partially degraded laminate can be used. 
 
Fig. 29 
Consider for example the laminate shown in figure 29 consisting of identical plies. 
What you know is the group of mechanical properties of the basic ply, the 
proportions (percentages) of plies in each direction and the global values of the 
applied stresses, here, for example    and    . You consider this loading case as 
consisting of the overlapping of two simple loading cases:    only and then     only. 
For each of these cases of elementary loadings you have to look for the stresses   ,  
  ,      in each ply. Subsequently you find the sum of the stresses   ,    ,      
respectively due to each simple loadings    and    . It is then possible to calculate 
the Hill-Tsai number to verify the integrity of each ply. This process is carried on by 
powerful softwares and computers. 
 
4.6 – Corners are an issue 
Fabrics are able to cover the double-curved surfaces due to the possibility of pushing 
action in warp and fill directions. The radii of the mold must not be too small. This 
concerns particularly the inner radius    as shown in figure 30. The chart gives an 
idea of the minimum value required for the inner and outer radii. The thickness of a 
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polymerized ply is not more than 0.8 to 0.85 times that of a ply before 
polymerization. This value of the final thickness must also take into account a margin 
of uncertainty of the order of 15%. When a unidirectional sheet does not cover the 
whole surface required to constitute a ply, it is necessary to take precautions when 
cutting the different parts of the sheet. A few examples of wrapping are given in 
figure 30. The unidirectional sheets do not fit well into sharp corners in the fiber 
direction. The schematic in figure 32 shows the dispositions to accommodate sudden 
changes in draping directions. 
 
Fig. 30 
 
 
Fig. 31 
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Fig. 32 
 
 
4.7 - Delamination 
When the plies making up the laminate separate from each other it is called 
delamination. Many causes are susceptible to provoke this deterioration. One of the 
possible events is an impact. Maybe it does not leave apparent traces on the surfaces 
but it can lead to internal delaminations. Which is extremely dangerous. Another 
possible cause may be a mode of loading that leads to the disband of the plies 
(tension over the interface) as shown in figure 33. Shear stress at the interfaces 
between different plies may be very dangerous, especially for those stresses that are 
very close to the edges of the laminates. Let’s consider a three-ply laminate as an 
example. Consider the three plies in figure 34, separated. Under the effect of loading 
(right-hand-side picture) they are deformed independently and they do not fit with 
each other when put together. Now consider the three plies together so that they 
constitute a balanced laminate. Under the same loading they deform together without 
distorsion as shown in figure 35. 
 
Fig. 33 
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Fig. 34 
 
 
Fig. 35 
The mechanism being described happens because interlaminar stresses occur on the 
bonded faces. It is possible to show that these stresses are very close to the edges of 
the laminate, as you can see in the representation of Fig. 37. 
Let’s focus on the agglomeration mode in composite materials for a while. Glass is a 
very brittle material, which means that it features no plastic deformation. Resin is a 
brittle material as well (epoxy e.g.). The reinforcement-plus-matrix association 
opposes however to the propagation of cracks and it makes the overall composite 
material to remarkably endure fatigue. Despite this matter might appear as a paradox, 
the explanation of this mechanism is that when cracks propagate, for example, in a 
unidirectional layer (as schematically shown in figure 38) in the form of alternating 
fibers and resin, the initial stress concentration at the end of the crack leads to failure 
in the resin. This way, fibers benefit from a relaxation of the stresses, once there is no 
more bonding effect. In other words there is no more stress concentration as in a 
homogeneous material. 
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Fig. 36 
 
 
Fig. 37 
 
 
Fig. 38 
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4.8 – Holes degradation 
In all mechanical components the introduction of holes gives stress concentration 
factors. Especially in composite material components the introduction of holes 
(regardless of their being molded-in holes or drilling-holes) paves the way for the 
weakening of the fracture resistance in comparison with the region without holes by a 
factor of 40% to 60% in tension and 15% in compression. Figure 39 presents the 
process of degradation before rupture of a glass/epoxy laminate containing a free 
hole, under uniaxial stress. It is then necessary to include in composite parts 
reinforcement pieces or “inserts” which may be used to attach to the surrounding 
structure. The inserts decrease the transmitted stresses to admissible values for the 
composite component. 
 
Fig. 39 
 
4.9 – Stress concentration 
In the case of tensile loads in the fiber direction, failure has been demonstrated to 
occur progressively at the microlevel, with weaker fibers failing first in isolated 
locations of the lamina. As a fiber fails, the broken ends give rise to stress 
concentrations that result in the fiber either debonding from the matrix or yielding the 
matrix in shear along the fiber matrix interface.  
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In addition, the unloading of the broken fiber in the vicinity of the break results in 
more load being taken up by the neighboring fibers. The stress concentration in the 
neighboring fibers depends on their proximity to the break, the matrix stiffness, and 
the damage the matrix suffer as a result of the break. Eventually, as the lamina tensile 
load increases, these concentrations result in clusters of multiple broken fibers 
forming at random locations. Finally, an instability results at a particular location, 
which results in total failure of the lamina. 
The equilibrium charts shown in Fig. 40 demonstrate the increase in stress 
concentration in the case of a laminate. For the case of slight (and usually neglected) 
press-fit of the rived, the stress shown in these pictures are 
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Where: 
   and    are the moduli of elasticity in the 0° and 90° directions respectively 
    is the shear modulus 
    is the Poisson ratio. 
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Fig. 40 
 
 
Stress concentrations occur in composites both by design and by accident. Examples 
of stress concentration by design are holes for mechanical fasteners, ply drop-offs to 
change laminate reinforcement and thickness needs along a part length, and any free 
edges where a composite ends. Examples of accidental stress concentrations include 
damage from impact, cuts, and abrasion as well as delaminations resulting from 
processing. The major difficulty In predicting strength reductions due to such 
concentrations is their typically three dimensional characteristics, such as free-edge 
effects in through-the-thickness holes, fastener cocking and bending effects, part-
through cuts, and low-velocity impact damage. 
 
In general, to predict structural strength in the presence of stress concentrations or 
damage, the designer needs to at least consider the potential for significant damage 
growth (progressive failure) prior to ultimate failure and to model its effect in some 
approximate way. Often, this can be done simply through the removal of material in 
the stress analysis model or the modeling of delaminations. For example, part-
through cuts in the exterior hoop lamina of composite pressure vessels typically result 
in a peeling off of the band of cut fibers prior to ultimate burst. The strength loss due 
to the cut can then be modeled using an ultimate strain fiber failure criterion in 
combination with an axisymmetric finite-element model in which the cut band of 
fibers is eliminated. The effect on strength of ply drop-offs can be estimated by 
comparing the predicted peak shear stresses with the interlaminar shear strength of 
the laminate. 
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Under compression loading, an interlaminar failure may result in ultimate failure of 
the laminate because of the loss of lamina stability. Under tensile loading, however, 
interlaminar failure, although signifying the initiation of  delaminations in the drop-
off region, does not usually result in immediate failure. 
A strength estimate in tension can be obtained by predicting the onset of delamination 
(using an interlaminar stress failure criterion), the growth of delamination (using a 
fracture criterion), and the ultimate strength (using a fiber strain failure criterion in 
conjunction with a stress analysis of the delaminated part). 
The most difficult stress concentrations to analyze are those that result in stress 
gradients in the plane of the laminate as well as through the thickness. These include 
damage due to impact and mechanical fasteners of single laptype design where 
fastener cocking becomes important. Even with a computer-aided adequate 
description of the damage, this is a difficult problem to analyze because of its three-
dimensional nature and the presence of irregular regions of broken fibers, matrix 
cracking, and delamination. 
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5 – Design process for composite structures 
The design of a composite material component comes out of a state of mind which is 
different than the one you need for conceiving parts made of “conventional” 
materials. As every mechanical part, a composite material component must withstand 
loadings. But whereas for isotropic materials the classical process of conception 
consists of selecting an existing material and then designing the component, for a 
composite material part on the other hand the designer kind of creates the material he 
needs based on the functional specifications he has been given. The designer chooses 
the reinforcements, the matrix and the process of curing: then, definition of the 
component architecture is needed, which means designing the arrangement and 
dimensions of plies and so on. There are two basic things that are to be kept in mind: 
1) Fiber orientation enables the optimization of the mechanical behavior along 
one specific direction. 
2) The material is elastic just up to rupture. It cannot yield by local plastic 
deformation the way classic metallic materials do. 
Even if fatigue is not an issue for race cars, it must be mentioned that fatigue 
resistance is excellent. The specific fatigue resistance is expressed by the ratio   ⁄  
with   being the specific mass. For composite materials, this specific resistance is 
three times higher than for aluminum alloys and two times higher than that of high 
strength steel and titanium alloys because the fatigue resistance is equal to 90% of the 
static fracture strength for a composite material, instead of 35% for aluminum alloys 
and 50% for steels and titanium alloys. 
 
Fig. 41 
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Figure 41 allows the comparison of principal specific properties of fibers which make 
up the plies. The specific modulus and specific strength are presented in the spirit of 
lightweight structural materials. 
Moreover safety factors must be defined in order to forecast uncertainties on the 
magnitude of mechanical characteristics of reinforcement and matrix, stress 
concentrations, computational errors, fabrication process, material’s age. 
The first step in approaching any structural design problem is to establish the 
governing design requirements, not only the functional or property requirements 
(mechanical, thermal, electrical, and chemical), but also the economic and 
performance objectives. To meet these requirements, the designer must select a 
material, a configuration, and a process for manufacture. 
This approach is essentially the same for composites as for conventional materials, 
except that composites require that the material be designed along with the structure; 
thus, more steps are required in the design cycle. The first step is the selection of 
composite constituents and their volume fractions. These selections define the 
unidirectional composite, which is the basic element of the composite structural 
material. Generally, however, multidirectional properties are required; thus, the next 
step is to provide these by designing a suitable multidirectional lay-up of the basic 
unidirectional element. It is only at this stage that the composite design cycle reaches 
the same starting point for design that exists with isotropic metals. 
From this stage, the designer proceeds to determining the configuration of each of the 
structural parts and the overall structural design configuration. With composites, the 
possibilities of improving the design by design cycle iteration are increased by the 
added steps in the design cycle. Thus, by performing structural efficiency analyses 
during the final, structural design step in the cycle, guidelines may be generated to 
change constituent properties and laminate configurations, leading to improvements 
in performance of the composite structure. 
In designs for commercial applications, the motivation for using composites focuses 
on longevity and low manufacturing costs rather than improved strength and stiffness 
and attendant weight reductions. The design process can minimize fabrication costs 
by integrating structural elements, thereby reducing part count.  
5.1- Service issues and fatigue 
Most in-service experience with composites has been established by marine 
applications. While composite performance in this area has been exemplary in 
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structural integrity, ease of maintenance, and long service life, much of this durability 
derives from what is considered over-design in the aircraft industry. Service 
characteristics for aircraft applications must be more thoroughly evaluated. Durability 
of fiber composites in aircraft is influenced by factors addressed quantitatively in 
design, such as fatigue loadings and environment scenarios, and by service factors 
such as damage tolerance and inspection and repair in the field. Fatigue 
characteristics of composites are different in many respects from those of metals. 
Race car design is much different as far as this aspect is concerned, since fatigue is 
not considered to be an issue. 
5.2 - A matter of trade-off between engineering and economics 
Designing a part that optimizes the overall functionality of a system is the ideal role 
of the race car designer. Functionality is a measure of performance capabilities versus 
cost, weight, and geometric envelope. To assess the functionality of composite 
structures, the designer must consider total system cost, anisotropic behavior of 
materials, material property data base, manufacturing and quality control, assembly, 
and inspection and repair. Although most of these also represent concerns in 
structures of conventional materials, such as metals, the importance of these topics is 
particularly emphasized here because the functionality of composite structures is 
highly sensitive to them. 
Total system cost, rather than just raw material cost, must be considered when 
comparing costs of metallic versus composite structures. Designing replacement parts 
one for one (metallic to composite) is almost certain to be a more expensive 
alternative because composite raw material costs can be from 10 to 100 times greater 
than the cost of metallic materials, and, in some industries the manufacture of 
composite parts is labor intensive. Significant system cost reductions, however, are 
possible by re reducing the number of joining steps, which reduces the requirements 
for manufacturing, assembly, inventory, inspection, and machining (for example, of 
bolt holes). Fewer joints can also improve dimensional control (near-net shape), 
thereby reducing rejection and rework rates for the overall structure. 
5.3 - The thermal expansion issue 
Many structural materials generally have homogeneous and isotropic properties. This 
implies that the strength, stiffness, and coefficients of thermal and moisture 
expansion of the material are equal in all directions and at all locations. Advanced 
polymeric composite structures that incorporate continuously oriented fibers laid up 
in plies can be radically anisotropic in nature; that is, they exhibit different properties 
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along different axes. Strength, stiffness, coefficient of thermal expansion (CTE), and 
coefficient of moisture expansion can vary by more than 10 times in different 
directions. For instance, in the through-thickness direction, strength and stiffness 
properties are significantly less than in-plane properties, while the coefficients of 
thermal and moisture expansion are greater in the through-thickness direction. 
 
Because of these stiffness and strength differences, the designer must have a thorough 
understanding of the stiffness requirements and anticipated load directions and 
magnitudes, to ensure proper fiber alignment. In contrast to metallic materials, the 
stiffness and strength of laminates can be engineered to meet a wide variety of needs. 
Differences in coefficients of thermal and moisture expansion between joined parts 
are also a concern because of the large stresses that result from temperature and 
moisture variation. 
5.4 - Knowledge on material properties is essential 
The anisotropic properties inherent in composite structures are the key to developing 
highly efficient  structures. The designer must have training in and access to 
computerized modeling techniques, such as finite-element analysis (FEM) or 
specialized programs that predict the performance of anisotropic composite 
structures, as well as a thorough knowledge of the limitations imposed by the chosen 
manufacturing process. 
Obtaining accurate and reliable material property values is one of the most important 
steps toward achieving a functional design, although the process can be expensive 
and time consuming.  Using laminated plate theory, the designer can combine 
properties and the orientation of each ply in a predetermined stacking sequence to 
predict the overall performance characteristics for the laminate. Laminated plate 
theory works well in most cases, but care must be taken to recognize its limitations. 
Test coupons made with the proposed raw materials must be evaluated to establish 
and verify the true properties and allowables for a given lay-up or joint design before 
it can be used to manufacture a part. The designer must compare this data with the 
prediction of the model to verify the analysis. 
5.5 - Environmental Effects. 
Environmental effects, including heat, cold, moisture, and acids, can, over time, 
degrade mechanical properties to varying degrees, depending on the fiber-resin 
system. A common environmental effect of concern to the race car designer is a 
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hot/wet condition. Under an extreme hot/wet condition, the elasticity and strength 
values of the composite can easily be cut in half. This condition, which mostly affects 
the matrix material, is a concern when matrix performance is important, such as with 
compressive loads. Testing under the expected environmental conditions is required. 
One of the benefits of composites use in the industrial market is their resistance to 
corrosion. However, testing is required to determine the effects of long-term exposure 
to chemicals and environment on composite properties. In race car applications a 
composite structure must be compatible with, or protected from, water, oil, gasoline, 
battery acid, brake fluid, transmission fluid, and coolant. Structures must be able to 
withstand vibrations, rain, road salt, and temperature extremes. These conditions, 
when they are long term, translate to stringent performance criteria for the material 
designer. 
 
5.6 - Manufacturing and quality control 
Materials should be characterized before and after a part is manufactured. Because 
thermosetting resin based composites have limited shelf lives, they require constant 
refrigeration before use in order to minimize polymerization. Properties of these raw 
materials can change, even when stored properly. 
Maintaining good records and monitoring material life cycle are essential; composite 
materials must be requalified before being used in production. In selection of 
materials, the availability of the specific manufacturing equipment required for 
handling and curing must be considered. Cure cycle requirements vary significantly 
from one material to another. The cure cycle must also be fast enough to suit 
production needs. Part warpage, usually caused by poor mold design or an 
inappropriate curing cycle, can also occur when asymmetric stacking sequences for 
the laminate are used, or when the sheet is cured in tight-bend corners. Using 
symmetric and balanced laminates will balance out residual curing stresses, and 
molds with tight bend comers can be fabricated specifically to compensate for 
expected warpage. 
 
5.7 - Joining and assembling 
Assembly refers to the joining and handling  of composite structures. Joints are used 
to transfer a load from one part to another. Designing and manufacturing reliable, 
economical joints are key challenges in making a functional system because of 
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anticipated high loads and stress concentrations and the brittle nature of composite 
laminates. Most thermoset matrix laminates have limited yielding capability. When 
the stresses exceed the load limit, the laminate develops microcracks or can fail 
catastrophically, unlike most metals, which exhibit yield and thereby redistribute the 
stresses. Thus, there is an especially high concern for the optimum placement and 
design of joints to ensure reliable operations.  
The two basic types options currently being used are mechanically fastened joints and 
adhesively bonded-joints. The first step in making a mechanically fastened joint 
(bolted or riveted) is to drill a hole through the laminate; the stress concentration 
factor at a drilled hole can be as great as six to eight, depending on the stacking 
sequence of the laminate and the materials used. 
Mechanically fastened joints typically require compressive preload to provide an 
efficient load transfer path. The amount of compressive preload applied by the 
fasteners is important because the through-thickness strength of the composite may 
not be sufficient to prevent crushing, which will significantly increase the damaged 
area. Viscoelastic effects, such as creep, can reduce the fastener preload over an 
extended time period. Because creep rates are not well established for composites, 
they should be found by testing under the expected environmental conditions. 
Additional loads are imposed on fasteners and laminates by differential coefficients 
of thermal and moisture expansion and by stiffness mismatches between the parts 
being joined.  
Adhesively bonded joints are made by gluing together two or more parts (for 
example, a lap joint). Like mechanical fasteners, properly. Designed adhesive joints 
should have minimal differentials for coefficients of thermal and moisture expansion 
and gradual stiffness transitions. In addition, the cure temperature of the adhesive 
must not exceed the temperature limits of the materials being bonded. Adhesives 
themselves can be adversely affected by environmental conditions such as 
temperature, moisture, and chemicals. Laminate surface preparation must be 
thorough and must meet all specifications to ensure proper bonding. Additionally, the 
proper adhesive must be selected for the expected loading conditions within the joint, 
because some adhesives perform better in shear and others in tension modes. 
5.8 - Moving and storing 
Handling composite structures includes moving and storing. Unlike isotropic metallic 
structures, anisotropic composites are primarily designed to meet stiffness and 
strength requirements in specific directions. Therefore, imposing loads in an 
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unexpected direction or magnitude must be avoided when moving them to preclude 
premature failure of the part before it is even in service. When handling large 
structures, it is good practice to have attachment points for lifting and moving the 
parts. Of course, dropping or bumping the composite structure could result in 
damaged areas. Moreover, storage surfaces are kept clean to avoid scratching 
composite surfaces. 
5.9 - Inspection and Repair 
Not all damaged areas in composites are visible to the naked eye. Furthermore, those 
that are visible cannot be quantified by visual techniques. It is essential to locate and 
ascertain the extent of damage to determine whether repairs can or should be 
attempted. Nondestructive evaluation (NDE) techniques are used in Dallara to inspect 
composite parts. To ensure the functionality of a part, the inspection schedule and 
NDE techniques required to recertify the parts are specified in the design process. 
The recommended repair procedures and expected restored property values are 
documented. Analysis and testing are required by F.I.A. to verify the adequacy of the 
restored values. 
5.10 – The concept of mould, pattern and auxiliary lamination elements 
A mould is the element (single or multiple) which allows the creation of composite 
parts; this element can be manufactured in different materials and must have the 
following functions. 
1) It must show the same geometry of the part that has to be made, except that it 
will be a negative. 
2) It must allow the lay-up of fiber cloth which will constitute the final 
manufactured part. 
3) It must support the part during resin catalyzation in the autoclave cure. 
4) If the mould is made of different detachable parts, these elements must be 
designed so that their positioning won’t turn out to be equivocal. Detachable 
parts are needed when it is not possible to extract the manufactured component 
otherwise. 
The keyword to remember is that the mould design must respect the extraction 
properties. 
If the mould has been manufactured in composite materials, the pattern allows for 
mould creation. The pattern will have the same geometry of the final part with 
possible additional components which allow mould decomposition. 
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Another element, which is not always necessary, is thw counter-punch. This is an 
element that can be added if a good surface-finish is required on component surfaces 
other than that in contact with the mould surface. 
Inlay tools are present when lamination becomes difficult. Sometimes they simplify 
the mould when mould lamination features local areas where lamination is almost 
impossible. They also simplify part extraction from mould and7or mould extraction 
from pattern when such extracting operation is impossible otherwise. They are also 
used to eliminate possible undercuts. 
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6 – Computer-aided design of the 
Dallara T12 mainplane 
6.1 - Preface: aerodynamic and structural functions of the mainplane 
The mainplane can be defined as a wing. Wings are aerospace structures that can be 
considered both as aerodynamic devices and as structural elements. 
From and aerodynamic point of view, a wing is a type of fin with a surface that 
produces aerodynamic force for flight or propulsion through the atmosphere, or 
through another gaseous or liquid fluid. As such, wings have an airfoil shape, a 
streamlined cross-sectional shape producing a useful lift to drag ratio, as far as 
aerospace vehicles are concerned. Race cars on the other hand feature inverted 
airfoils that generate a downward force to increase traction. In this sense it is 
reasonable (a little childish maybe, but straighforward) to think of a race car as an 
upside-down aircraft. 
Even if this difference between race cars wings and aircraft wings must be taken into 
account, there is an aspect that both kinds of wings have in common: a wing's 
aerodynamic quality is expressed as its lift-to-drag ratio. The lift (or downward force) 
a wing generates at a given speed and angle of attack can be one to two orders of 
magnitude greater than the total drag on the wing. The huge advantage of a high lift-
to-drag ratio aircraft wing is that it allows the aircraft to require a significantly 
smaller thrust to be propelled by in order to have the wings work out sufficient lift. 
On the other hand, the huge advantage of a high lift-to-frag ratio race car wing is that 
the car feature both huge traction out of corners and faster top-speeds in straight-
ways. 
Race car wings feature some basic characteristics: 
1) A rounded leading edge cross-section (The leading edge is the part of the wing 
that first contacts the air; alternatively it is the foremost edge of an airfoil 
section. The first is an aerodynamic definition, the second a structural one.) 
2) A sharp trailing edge cross-section (The trailing edge of an aerodynamic 
surface such as a wing is its rear edge, where the airflow separated by the 
leading edge rejoins.) 
Even though these characteristics are similar to those featured by aircraft wings, race 
cars wings differ from aircraft wings in many aspects such as: 
69 
 
1) Leading-edge devices such as slats, slots, or extensions are not present. 
2) Trailing-edge devices such as flaps or flaperons (combination of flaps and 
ailerons) are not present even if other form of non-movable flaps can be 
present on race cars. Flaps are devices used to improve the lift characteristics 
of a wing and are mounted on the trailing edges of the wings of a fixed-wing 
aircraft to reduce the speed at which the aircraft can be safely flown and to 
increase the angle of descent for landing. They shorten takeoff and landing 
distances. Flaps in aircrafts do this by lowering the stall speed and increasing 
the drag. Flaps in race cars can be found in form of mini-wings attached to the 
mainplane. 
3) Ailerons (usually near the wingtips) to roll the aircraft clockwise or 
counterclockwise about its long axis are not present since their function is met 
by the wheels. 
4) Braking spoilers on the upper surface (lift disruptors) are not present since this 
function is met by the race car braking system. 
5) No dihedral angle is needed as well as sweep. 
The wing as a structural member will now be discussed. The discussion will start 
from aircraft wings, in order to give a more general description of all the possible 
structural sub-members that can be found in such an aerospace structure. The 
considerations can be easily extended to race car wings in most respect, as it will be 
shown. Finally, particular focus will be given to the Dallara T12 mainplane. 
 
Aircraft wing consists of a collection of basic structural elements like, the stingers 
running along the wing span, ribs positioned at different stations along the spanwise 
direction, front and rear spars and upper and lower wing skins covering these 
internal components. Each of these components act like a beam and a torsion member 
as a whole. For illustrative purpose, consider a box beam as shown in Fig. 42. 
 
The box beam consists of stringers (axial members) that are located at the maximum 
allowable distance from the neutral axis to achieve the most bending capability, and 
the thin skin (shear panel), which encloses a large area to provide a large torque 
capability. 
 
This design would be fine if there were directly applied in the form of global torque, 
and bending moment. In reality, race car loads are in the form of air pressure (or 
suction) on the skin, concentrated loads from the nose cone etc.. These loads are to be 
collected locally and transferred to the major load carrying members. 
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It should be done with proper care, otherwise these loads may produce excessive 
local deflections that are not allowable from aerodynamic considerations. 
 
 
Fig. 42 
 
Using the box beam in Fig.42 as an example, we assume that a distributed air 
pressure is applied on the top and bottom surfaces of the beam. The skin (shear panel) 
is thin and has little bending stiffness to resist the air pressure. To avoid incurring 
large deflections in the skin, longitudinal stringers are added as shown in Figure 43 to 
pick up the air loads. Figure 43 shows all the important elements that constitute the 
wing-box in cross-sectional view.  
 
The stiffeners are usually slender axial members with a moderate amount of bending 
stiffness. Therefore, the transverse loads picked up by the stiffeners must be 
transferred quickly to more rigid ribs or frames at Sections A and B shown in Fig. 42 
to avoid excessive deflections. The ribs collect all transverse loads from the stiffeners 
and transfer them to the two wide-flange beams (spars) that are designed to take 
transverse shear loads. 
 
 
 
Fig. 43 
The local-to-global load transfer is thus complete. It should be noted that besides 
serving as a local load distributor, the stiffeners also contribute to the total bending 
capability of the box beam. 
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The main function of the aircraft wing is to pick up the air loads and transmit them to 
the fuselage. The wing cross-section takes the shape of an airfoil, which is designed 
based on aerodynamic considerations. The wing as a whole performs the combined 
function of a beam and a torsion member. It consists of axial members in stingers, 
bending members in spars and shear panels in the cover skin and webs of spars. 
 
Wing ribs are planar structures capable of carrying in-plane loads and are placed 
along the wing span. Besides serving as load redistributors, ribs also hold the stringer 
to the desired contour shape. Ribs reduce the effective buckling length of the stingers 
(or the skin-stringer system) and thus increase their compressive load capability. 
 
 
Fig. 44 
 
Figure 44 shows the typical rib construction. It is noted that the rib is supported by 
spanwise spars. The cover skin of the wing together with the spar webs forms an 
efficient torsion member. 
 
For subsonic airplanes, the skin can be assumed to make no contribution to bending 
of the wing-box. The total bending moment is taken up by spars and stringers. It is 
obvious that this consideration can be easily extended to race cars. 
 
The spar is a heavy beam running spanwise to take transverse shear loads and 
spanwise bending. It is usually composed of a thin shear panel (the web) with a cap 
or flange at the top and bottom to take bending. The Dallara T12 mainplane being 
considered features two carbon-fiber spars, as shown in the CAD representation of 
Fig. 45 
 
Figure 46(b) (the distributed flange type) uses both spars and stingers to take 
bending. To withstand high surface air loads and to provide additional bending 
capability to the wing box structure, thicker skins are often necessary. In addition, to 
increase structural efficiency, stiffeners can be manufactured (either by forging or 
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machining) as integral parts of the skin. Figure 46 presents two typical wing cross-
sections for subsonic aircraft. Fig. 46(a) on the other hand consists only of spars (the 
concentrated flange type) to take bending: this is the configuration that will be 
discussed in the present paper. 
 
 
Fig. 45 
 
 
 
Fig. 46 
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6.2 - Procedure 
 
It is not possible to show the actual screenshots related to the computer-aided design 
stage of the Dallara T12 mainplane due to the Confidence Agreement. Some 
“facsimile” CAD animations will thus be provided. These animations have been 
designed on purpose in order to describe in detail the procedure that has been carried 
out. Such procedure is furthermore generalizable to the computer-aided design stage 
of a generic composite material component. 
 
 
 
Fig. 47 
 
Tridimensional modeling of the mainplane is the first step (Fig. 47). Then, a series of 
surfaces must be constructed around such model. These surfaces are the starting point 
for the modeling stage you need to accomplish in order to work out the mainplane 
moulds and patterns (Fig. 48 & 49). 
 
 
Fig. 48 
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Fig. 49 
 
These new surfaces are then considered one by one in a detailed modeling stage. 
Figures 50 and 51 provide a general outline of the creation of the mould of the upper 
surface of the mainplane. Figure 52 on the other hand shows the result of the 3D 
detailed modeling; after that, the upper surface mould can be considered finished. 
During the modelling stage the designer must ensure that it is possible to drag the 
component out of its mould and that it is possible to drag the mould out of its pattern. 
This is why an “extraction plane” must be conceived for every sub-mould of the 
overall mould. This plane must guarantee a safety draft factor, which is provided by 
Dallara depending on the component being considered. It is not possible to 
furthermore stress the discussion about this matter in order to respect the Confidence 
Agreement. 
 
Fig. 50 
An important issue that must be taken into account is that both resin and carbon 
undergo thermal expansion during the autoclave cure process because of the huge 
temperature change. This is why considering a shrinkage factor is essential. Such 
factor is related to the material being used and to the polymerization-process 
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temperature range, The geometry of the mould must be then scaled by a factor E 
(which stands for “Expansion”), where: 
 
           
                                     
 
This operation is accomplished by means of a sequence of map-keys that has been 
created on purpose. Dallara provides all designers with a technical readouts which 
lists all values of E for several conditions and materials. 
 
 
 
Fig. 51 
 
 
Fig. 52 
 
 
The procedure that has been discussed so far must be repeated symmetrically in order 
to work out the lower-surface mould, as it has been shown in Fig. 53. Then, 
modelling the side beats is the next step. 
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Fig. 53 
 
 
Once all the detail-modelling stages have been completed, the tridimensional mould-
assembly can be created. This 3D model provides a mould-assembling simulation as 
it should be carried out during the lamination stages. It includes, screws, pins and all 
the required bolts (Fig. 54,55). Figure 54 pinponts the actual mainplane (in red) 
trapped in between the two moulds and the side beats. Moulds and beats have been 
left transparent just in order to provide an intuitive graphic explanation. 
 
 
 
Fig. 54 
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Fig. 55 
 
Once all the moulds have been computer-designed, for every mould the next step is 
modelling the pattern that will give birth to such mould, and then, for every pattern, a 
raw-material assembly is needed. The raw-material assembly specifies the number of 
plates that must be machined in order to give birth to a mould. A 2D-drawing will 
specify their dimensions and the main tooling stages they must undergo, as it will be 
shown later on. Let’s start considering the lower-mould. You must consider the 
surface that must result clean after tooling (the one colored in red in Fig. 56) and that 
is gonna be your starting point for the creation of the surfaces that will constitute the 
pattern. The pattern is then 3D-modelled “overwriting” the surfaces of the mould 
itself. This is done in order to maintain reference dimensions and other reference data 
related to the CAD sketch (Fig. 57). 
 
 
Fig. 56 
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Fig. 57 
 
Figure 58 shows the final result of the 3D-modelling stage of the upper-mould’s 
pattern. 
 
 
Fig. 58 
 
 
Fig. 59 
 
Finally you need to design little aluminum plates that must be mounted on the sides 
of the pattern. These will become the mould’s side-walls, once the plies will be laid 
down (Fig. 59). Each mould will then require a 2D-drawing that will be sent to the 
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machine shops. In this drawing it is essential to report maximum dimensions and the 
surface that must undergo a more accurate tooling (Fig. 63). In Figure 63 all 
measures and annotations have been covered with red rectangles on purpose in order 
to remember that this is just the simulation of the workflow that has been carried out. 
 
 
Fig. 60 
Once the 3D-modelling of the patterns has been completed, you need to model the 
raw-material plates (more specifically, resin plates) that must be first glued together 
and then machined in order to give birth to the mould. As it was mentioned before, 
raw-material assemblies are about to be discussed here. Modelling the plates is 
carried out by “sinking” the pattern inside the parallelepiped that simulates the raw-
material plate. This is done in order to achieve correct positioning with respect to the 
mutual coordinates systems of all the components. It is essential to remember that, 
most times, both moulds, patterns and the final components share the same 
coordinates system. Which is an advantage during 3D-modelling stage. Fig. 61 
describes this operation. Moulds are left transparent in order to provide better 
understanding. 
 
 
Fig. 61 
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It must be mentioned that raw-material plates are available only within a specified 
range of thicknesses. In order to respect the Confidence Agreement we are gonna call 
these thicknesses “T-A”, “T-B” and “T-C”. 
 
 
Fig. 62 
 
During design stages you need to understand which plate better suits your pattern. In 
order to do that you need to look at the maximum height-dimensions of the pattern 
first. Then you can try to figure out what and how many plates you need to combine 
together in order to reach the desired thickness. As an example, we will say that two 
“T-A”-thickness plate glued together are needed in order to work out a correct raw-
material assembly, as shown in Figure 62, where the second plate has been left 
transparent to provide better understanding. 
 
 
Fig. 63 
 
When you are done modelling the plates, a 2D-drawing must be worked out for each 
one of them. This 2D-drawing will be given to the machine shops. In this drawing 
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you must specify: height, length and width. You also need to specify that the picture 
depicts a raw material, and so the raw-symbol must be applied to the main surfaces 
(Fig. 63). A second 2D-Drawing must be provided where the plates are portrayed as 
they will appear after being glued together (if two or more plates are required of 
course – you won’t need to do that if one plate is enough). In such drawing you need 
to mention the required glue and a couple of instructions on how to glue the plates 
together. Red rectangles cover the annotations on purpose. The reader could object 
that no radii indications are present in the mould’s 2D-drawings, as well as chamfers 
and other stuffs. The explanation to this matter is that the tooling stages are CAM-
aided. So you don’t need to provide a detailed description of the whole set of required 
tooling stages. You just need to pinpoint critical dimensions that will then be checked 
by the Quality Control Division. 
 
There is another most important design stage that goes along with the computer-aided 
drawing, which is planning and working out the ply-book. The ply-book is the 
document that allows the practical realization of a composite material component. It 
includes all the informations the laminator needs in order to construct the component 
the way it has been conceived and designed. The ply-book must include a list of 
quality and quantity of the used materials. It must tell the laminator the number of 
plies to laminate, their category and the overlapping sequences. Critical sections must 
be provided in the ply-book, inserts positioning instructions and fiber directions. 
Instructions on the preparation of the vacuum bag and on how to set up the cure 
process. The Dallara T-12 mainplane ply-book has been worked out, but it will not be 
shown here. This choice is due to a simple fact: a detailed description of all the 
lamination stages of the mainplane will be provided in the next chapters; since the 
laminations stages blindly followed the ply-book, reporting a copy of the ply-book 
would have been nothing but a redundant repetition. 
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7 – Lamination of the T12 main-plane 
7.1 - Ply-Book 
Pre-preg lamination stages must be worked out by blindly following the methodology 
that is indicated in the ply-book. The ply-book can be thought of as a hand-book that 
is given to the lamination division together with the technical readout of the part that 
must be produced. The ply-book tells you how to laminate step by step, from fabric 
trimming to the cure process. Every composite material part possesses its own ply-
book and the designer is in charge of it. Images, descriptions and schemes are 
included to help manufacturers doing exactly what was established during the design 
stage. The first page is usually a summary containing all lamination stages, a 
rendering of the finished component and a table reporting the kinds of plies that will 
be used.  Every stage is then reported by means of huge pictures and a table which 
shows what to do as a sequence of short sentences. Every stage is numbered. Figure 
64 shows an example of the first page of the Dallara T12 mainplane ply-book. 
 
Fig. 64 
7.2 – Lower surface lamination 
7.2.1 - Release-Film and Primer 
The surface you are about to put the pre-preg onto must be covered with liquid 
release-film. Let’s recall that pre-preg is a carbon-fiber fabric which has already been 
covered with resin (as the name suggests) before being put on the market. The 
release-film on the other hand is a liquid substance that prevent carbon fabric from 
attaching to the mould. You need to remember that the part must be detached from 
the mould after curing process is over. You’re then gonna need a substance which 
helps you in that. About seven liquid release-film layers are needed if the mould is a 
brand-new one, by that we mean a mould that undergoes its first lamination-cycle. 
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Otherwise you just need a couple of layers. The release-film is spread by means of a 
paintbrush: then it needs to dry up for about ten minutes. Then you can lay it again 
and you let it dry up for other ten minutes and so on. Those ten minutes you need to 
wait between two layers are essential in order to ensure that the chemical reaction 
between the film and the mould does correctly take place. Once the release-film stage 
has been completed, you need to cover the mould with “primer”. Primer is a liquid 
resin of the same kind of the one pre-preg fabric is covered with. Once you’ve done 
that you may start the lamination stages. 
7.2.2 – Pre-preg plies lay-down 
When high-modulus fibers became available, the aerospace industry already had 
considerable experience with the hand lay-up of fiberglass parts. In this process, 
woven glass fabric impregnated with resin is manually forced onto a tool to eliminate 
air bubbles and to squeeze out extra resin; the location of partial plies and the fiber 
orientation are not tightly controlled. Following the introduction of the high-modulus 
fiber prepregs, automated lay-up techniques were developed to meet the higher 
tolerances required. However, hand lay-up remains viable for prototype parts and 
parts of complex contour. The Dallara T12 mainplane was laid up from either woven 
fabric and unidirectional composite material. 
In the lay-up phase, the fiber orientation of each ply, the size and location of partial 
plies, and the sequence in which the plies are stacked on the tool must be controlled. 
As each ply is laid down, it is checked off on an accounting sheet to avoid the 
mistake of including extra plies or shorting the ply count.  
Great care must be taken not to forget release film or paper on the prepreg material 
and its incorporation into the laminate stack. Pieces of release paper, tape, or other 
debris act as delamination areas in the laminate, reducing mechanical properties.  
Fibers orientation is also essential. One of the simplest methods of maintaining lay-up 
orientation accuracy is to have the angles necessary for the lay-up marked on the tool 
beyond the trim lines. The mainplane of a race car is a component which possesses a 
complex shape, so the ply location and fiber orientation are controlled by a slotted 
tooling laminate made on the specific mold. After the tooling aid is coordinated to the 
mold, segments of the outline of the partial plies are traced with a colored pencil on 
previously laid-up prepreg. The tooling aid is removed, and the plies are stacked, 
using the marks as a reference. The marking operation is repeated as often as 
necessary. 
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The GG630 pre-preg you need to lay down looks like a sort of sticker: a film protects 
the adehesive surface. You need to remove such film and then you lay the pre-preg 
fabric down on the mould, just like you would do if it was a sticker. Fabrics are cut 
out of a roll:  it is essential that you store the roll in the fridge in order to prevent it 
from undergoing untimely cure. Because fabrics are cut out of a roll, their own shape 
doesn’t fit the shape of the mould if they get sticked just the way they are. So you 
need to draw lines on the protective films of the pre-preg by imitating the shape 
you’re trying to come up with. You then trim the fabric with scissors by following the 
lines you’ve just drown on it: this way, the portion of fabric you selected will fit the 
mould’s shape properly. Cutting the fabrics must be executed so that the amount of 
unused material you will throw away will be the smallest. This is due to both cost 
reduction and waste avoidance. 
 
7.2.3 – Thickness and overlapping plies. 
GG630 plies are typically 0.65 mm thick, and this is indicated in the ply-book. This 
thickness goes under the name of “finished-thickness”, which means that it is what 
the ply will attain at the end of the cure process. In other words, the ply is 40% 
thicker before undergoing lamination. 
The mainplane is a structural component, and so plies thicknesses are planned out at 
the FEM division. Let’s explain this a little more: the FEM decides the plies, and so, 
consequently, thicknesses are planned out. The most important concept which is 
essential to remember when talking about thicknesses is “continuity”. During 
lamination it happens that you need to stick two plies in sequence, one after the other. 
They cannot be laid down adjacently as it is in Fig. 65 because no fiber-continuity 
would be achieved in this instance. 
 
 
Fig. 65 
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A pre-determined overlap between the two skins must be granted in order to ensure 
that fiber continuity is achieved. Which means that two skins must physically overlap 
all the way along a pre-determined length. Studies carried out by the Dallara FEM 
Division have established a 20 mm overlapping length (Fig. 66). 
 
Fig. 66 
The problem is that thickness is doubled along the overlapping area, which leads to 
stress concentrations and stresses peaks. In other words there is no linear behavior in 
that area: if an over the top load takes place, it is almost sure that the structure will 
collapse right at the end of the overlap area. In general, stresses do not behave 
linearly when you work out the sequence “multiple-plies”-“one-single-ply” abruptly. 
This is why it is better to manage both thicknesses and overlaps in order to guarantee 
continuity. In other words a smooth transition must be ensured, like it has been 
shown in Fig 67. 
 
Fig. 67 
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This is the basic concept: energy must be dissipated linearly: no abrupt changes must 
take place. In order to stress this idea you might think about what happens to a nose 
cone in the event of a front crash. The structure must take up the crash gradually. 
This allows the driver to undergo a negative acceleration which is the smoothest 
possible. If the nose cone were built with carbon plies abruptly-overlapping in few 
inches, then the driver himself would take up the highest percentage of the impact 
energy. So yes, the structure would be much stiffer, of course: but it would be all-of-
a-sudden-stiffer. Maybe no failure would occure, but the driver would certainly suffer 
severe injuries. 
So, once again, if you have to manage more plies overlapping one another, such 
overlapping areas must be equally distributed. A graphical example has been given in 
Fig.68. This is just the main concept in order to work out correct overlapping areas. 
There are also many variations on the theme. 
 
Fig. 68 
The ply-book must contain detailed explanations on how and where overlapping 
areas must be worked out. Laminators will then blindly follow what designers wrote 
down in the ply-book so it’s essential that the ply-book be written the right way. 
 
7.2.4 – Closure patches 
When a component is the result of a mould which is split in two parts (like the 
Dallara T12 mainplane), it becomes necessary to design a way to close such two 
parts. There are two different philosophies that can be applied in order to achieve 
this. Solution number one is working out a skin which is far longer at the edge than 
the amount that would be needed (Fig. 69). This excess of material is then bonded to 
the carbon skin which will be laminated on the opposite side of the mould. 
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Fig. 69 
This solution is much complicated. For one thing you cannot control that extra-
material that you leave and it could get in the way, even during the most delicate 
steps of lamination. Besides, high precision lamination cannot be guaranteed. The 
second philosophy is connecting a closure patch (laminated on purpose) in an 
additional lay-up step (Fig. 70). This is the philosophy that has been chosen to lay-up 
the mainplane. 
 
Fig. 70 
 
 
 
7.2.5 – Surface plies summary 
Now that the major lamination problems have been discussed, a brief graphical 
summary on the plies that have been laid-up to create the mainplane’s lower surface 
will be provided (Fig.71). It also shows their own position on the wing. Step one is 
laying-up one GG 200 (0°/90°) skin. Step two is laying-up four unidirectional UD 
200 (0°) skins.  
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Fig. 71 
 
The use of unidirectional fabric can be explained if you think of a mainplane (this 
could be generalized to whatsoever wing though) as a beam, as far as its structural 
function is concerned. In this sense, the mainplane can be defined as a structural 
element, featuring one prevailing dimension, whose job is transferring a stress along 
its own axis (such stress being a transverse-stress with respect to the beam axis). The 
stress distribution in graphically and intuitively summarized in Fig. 72 and Fig. 73. 
 
 
Fig. 72 
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Fig. 73 
The course of action doesn’t change for step-three as well: another UD 200 (0°) skin 
is laminated at the center area of the mainplane (Fig. 74) to create an additional 
reinforcement. The center of the wing is a critical zone since it will be the location 
where hole will be worked out in order to install the mainplane itself on the front 
nose-cone. Finally, step-four is laying up a GG 630 (±45°) ply. Lower surface 
lamination has been described so far: upper surface lamination is carried out 
symmetrically. 
 
 
Fig. 74 
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7.3 – Inserts 
Once the lower surface lamination is complete, you may start installing the inserts. 
Inserts are essential to create the holes that are needed in order to install the 
mainplane on the front nose-cones structural pillars. Such inserts are highlighted in 
red in the CAD representation of the T12 mainplane of Fig.75. The wing has been 
rendered transparent in the picture in order to make internal elements visible. 
 
Fig. 75 
Correct procedures for installing such inserts are conceived when the whole 
mainplane’s pattern in designed. Scribings must be marked on the pattern (Fig.76). 
Scribings are a sort of coordinate system that laminators exploit for the correct 
positioning of the cylindrical pins. This way the mould is born with four skins 
trapped into the skins. Once these pins are removed, through holes remain. These 
holes feature a a sort of protrusion at their edge. They are covered with rubber in 
order to prevent possible knife-shaped edges to scratch and eventually destroy the 
vacuum-bag (Fig. 77). Rubber clothes are those white “little volcanoes” that you can 
see in the picture. Then, when the mainplane undergoes lamination, you place the 
skins at the lower surface and then you manually drill them in spots corresponding to 
the volcanoes (Fig. 78). At this point, four other cylindrical pins are needed, one for 
each new hole and then an insert is installed on each of the four pins (Fig. 79). The 
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inserts being discussed are little 7075-aluminum cubes possessing a through hole: 
they are covered with GG 200 carbon skins before being installed. 
 
Fig. 76 
 
 
Fig. 77 
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Picture 79 has been taken with the intent of underlining the issues that arise during 
lamination. The wing surface is slanted of course, and so the insert is not symmetric 
(as you can see in the technical 2D drawing of the insert, which is reported on Fig. 
80). If laminators do not realize this fact, it is possible however unlikely, that they 
might install the inserts backward. At this point, even assuming that laminators prove 
successful in completing all lamination stages, the mainplane would eventually be 
rejected by the Quality-Control division. 
 
 
 
Fig. 78 
 
 
 
 
Fig. 79 
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Fig. 80 
 
7.4 – Spars 
Spars comes out of two pre-cured carbon plates, and they are fit inside the mainplane. 
Picture 81 shows again the CAD representation of the mainplane: this time, spars are 
highlighted in red. Installing the spars follows a precise course of action. For one 
thing the side-beats of the mould must be installed in order to achieve correct 
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positioning of the spars. Spars must in fact not only lie agains the central inserts, but 
they also have to respect a precise position at both the tips of the wing. The two side-
beats already feature a physical mark where the spars must be installed at the wing tip 
(Fig. 82). 
 
Fig. 81 
 
 
Fig. 82 
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A small aluminum plate is then installed with the intent of settling down the spars at 
the wing tips. Pre-cured spars feature their own flexibility as a matter of fact. It is 
then necessary to prevent them from bending and flexing, or in other words, to 
prevent them from moving every which way during the lamination process (Fig. 83 
and 84). 
 
 
Fig. 83 
 
 
Fig. 84 
 
The little plate must be fit on the side-beat by means of a particular adhesive tape 
build up on purpose in order not to melt down once exposed to the autoclave high 
temperatures (Fig. 85). 
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Fig. 85 
Once the spar has been correctly set into position, two GG 630 (0°/90°) carbon skins 
are laid-up, one for each side, in order to have the spar  integrated in the overall 
carbon structure that will be born at the end of the whole process: this stage is 
graphically described in an intuitive way in Fig. 86. In order to do this, the two spars 
are kept aside of the wing for a moment. In fact, once you have installed both the 
little aluminum plates on the side-beats you do not need the spars to remain there 
until you actually have to settle them down to their final position. And besides that, 
the plates themselves will provide a sure guide to fit the spars back again. So you can 
take the spars away to work on them with more ease. Templates are cut out in order 
to shape the skins correctly: in Fig. 87 the spars are laid on a table with the skins over 
them (you can see the blue adhesive protection tape yet covering the carbon ply) 
waiting for undergoing the cutting procedure. When laminators attach the skins they 
must ensure they will reach a C-shaped configuration. In fact, when the two moulds 
will be closed, the spar-skins must glue to both the upper surface and the lower 
surface. And consequently, the other issues that arises is that of realizing proper skin-
cuts in order to have such C-shape  go around the central inserts. So laminators have 
to be extra-careful while carrying out the correct cutting marks (Fig. 88, 89). On 
second thoughts, another useful way to work the cuts out could be realizing the cuts 
“in situ” by means of a cutter, when the spar has already been settled down into 
position. 
 
Fig. 86 
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Fig. 87 
 
 
 
 
Fig. 88 
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Fig. 89 
7.5 – Rohacell Inserts 
Let’s get all the way back to the mainplane’s CAD animation that has been 
previously shown, where the wing is left transparent to better see the internal 
components. This time we shall focus on the Rohacell inserts, this is why they have 
been highlighted in red. 
 
Fig. 90 
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Rohacell inserts being discusses do not have the same functional role covered by the 
aluminum inserts that we have previously discussed. These inserts are not meant to 
be housings for holes. These inserts are designed to achieve two basic things: 
1) Smoothing out the aluminum inserts sharp-edges in order to keep the vacuum 
bag from collapsing. (Further details about this matter will be provided in the 
next chapters, especially in the chapter dedicated to the vacuum-bag set-up and 
cure process). 
2) Increasing the pressure on the carbon skins attached to the spars in order to 
achieve a better adhesion. 
Let’s now focus on weight and materials. For one thing we have to remember that we 
are designing a race car, and usually whatever you add to a race car brings more 
weight. In this sense, even one single minuscule insert can be seen as a drawback. It 
is then possible to think of inserts as cubes made of a material which proves resistant 
and light at the same time. Rohacell is a material which meets both these goals. It is 
very light and very very resistant. The problem is that you cannot drill a Rohacell 
insert to create a hole in it, because Rohacell is not fit for drilling and such an 
operation would grind it to tiny pieces. Hence the need for aluminum inserts when 
holes are to be created. 
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7.6 – Tip Inserts 
Let’s get back to the usual transparency mainplane picture (Fig. 91) where this time 
tip inserts are highlighted in red. Side-flaps must be assembled by the side of the 
wing (a detailed CAD view of the front nose cone and the side-flaps is available in 
Fig.92 and 93) and so holes are needed and such holes must be housed into the tip 
inserts. 
 
Fig. 91 
 
Fig. 92 
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Fig. 93 
Inserts must be covered with adhesive film and with four GG 200 skins, being extra-
careful in managing the overlaps between each ply, as it has been explained in 
previous paragraphs. Inserts must be placed against the side-beats: then they must be 
covered with one more GG 630 (±45°) skin (ranging 20 mm before and after the 
insert). 
 
7.7 – Expanding-resin trailing edge reinforcement. 
The trailing edge of  a wing never feature a clean aspect soon after lamination, and 
besides that, laminating a trailing edge is not an easy challenge for laminators. There 
is a very narrow corner that must be realized, not sharp of course (because some sort 
of width must be considered) but abrupt enough to have lamination’s results be very 
rude. And so, several little reinforcement patches must be designed and placed over 
the trailing edge in order to avoid failures. The problem with this patches is that they 
will be laid down forming a saw-tooth shape. Expanding-resin is then needed in order 
to get the surface a little smoother. Let’s focus on Fig.94 for a better understanding. 
One 15 mm GG 630 (0°/90°) skin must be laminated first, as shown in sect. A-A, and 
then a second 20 mm skin of the same kind must be laid down. Then, a 5 mm strip of 
expanding-resin is applied. One more expanding-resin strip is needed past the whole 
set of reinforcements described so far. 
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Fig. 94 
 
7.8 – Closing the mould 
Closing the mould is achieved in different steps. Let’s focus on Fig.95 for a while. 
First of all you need to lay two aluminum strips down on the skins covering the spars 
in order to force them maintain their C-shaped position (as explained in paragraph 
7.4). These carbon skins must in fact perfectly attach to the upper surface, once the 
overall mould will be closed. The problem is that the carbon skins tend to get back to 
their default (let’s say “natural”) straight position which leads them to attach one 
another, which is not healthy. And so, two aluminum plates are placed there to block 
them. Step-two is setting-up the through vacuum-bags. A detailed description on how 
setting the vacuum-bags up will be provided on the next few chapters. Step-three is 
rapidly-removing the aforementioned two aluminum plates: the two halves of the 
overall mould can then be placed one against the other; centering pins can then be 
applied (Fig.96). Stage-four is placing cordos near the side-beats in order to avoid 
corner-effects (Fig. 97), as it has been explained earlier. Vacuum-bag set up 
procedures and autoclave cure will be discussed in detail on the next chapter. After 
these procedures will be completed, it is possible to say that the whole lamination 
process of the Dallara T12 mainplane is complete. 
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Fig. 95 
 
Fig. 96 
 
Fig. 97 
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7.9 - Lamination history 
The following table is a detailed log reporting when every lamination stage took 
place and how long it lasted. By observing such time-table it is possible to say that 
laminating a mainplane takes more or less one day, considering that two laminators 
carried out the whole process. 
 
 
 
Time Description 
08.00 Lamination of the first half-mould begins 
10.10 Lamination of the first half-mould is completed. Vacuum bag 
setting begins. 
10.25 Primary compaction of the first half-mould is completed. 
10.30 Lamination of the second half-mould begins. 
11.40 Lamination of the second half-mould is completed. 
11.50 Lamination of the closure patches begins. 
12.00 Closure patches completed. 
LUNCH BREAK LUNCH BREAK 
13.30 Inserts and lateral bars placement begins. 
14.00 Inserts and lateral bars placement completed. 
14.45 Ribs lamination completed. 
15.05 Rohacell inserts placement completed. 
15.06 Overall vacuum bag setting begins. 
15.45 The overall mould is closed. (the two halves have been glued) 
16.15 Left-hand side skin has been placed. 
17.00 Right-hand side skin has been placed. 
18.00 Cure begins. 
19.30 Cure completed. 
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8 – Vacuum Bag and cure 
 
8.1 - Solid Release-Film to help detach the vacuum-bag. 
Once all the pre-preg fabrics have been laid down to form up the width indicated by 
the ply-book, a solid release-film is put on them. Such film is a sort of extra-thin 
blanket that must be pasted with patience and precision in order to avoid wrinkles as 
much as you can. It prevents carbon fabric from attaching to the vacuum bag that you 
will create around the part-mould assembly. Such bag is a tool for hard-pushing the 
pre-preg against the mould during the cure process in autoclave. The term “vacuum-
bag” indicates that the bag is first sealed and then the whole air inside is taken from 
it. The consequent vacuum condition puts enough pressure to ensure a precise 
attachment between the pre-preg and the shape of the mould. They have not to be 
permanently attached one another anyway, otherwise it would be impossible to drag 
the component out of the mould at the end of the lamination process. The solid 
release-film is in charge of that to happen. 
Once both surfaces of the wing have been laminated, the two sides of the mould are 
sealed one another by means of screws. Part endings are applied and the whole 
mould-assembly is put together. 
 
8.2 – Protection Cloth 
The whole assembly is wrapped in a cloth that smoothes the presences of any sharp 
edge and balde-shaped detail. Because of the great suction force, any little sharp edge 
could lead the whole bag to complete disintegration. The cloth helps reduce this risk. 
 
8.3 – Pre-compacting 
Care must be taken to ensure that there are no air pockets in the lay-up and that no 
slippage occurs. Remember that the mainplane is laminated by means of a mould 
which is split in two. So you will first laminate one half of it, and then you will 
laminate the second half. So the first half will be let alone for a considerable time 
segment during which plies could get detached. This is why, after the plies have been  
stacked, it is desirable to seat them snugly on the tool and to remove some of the air 
from the lay-up. This process - called pre-compacting or debulking - involves use of a 
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vacuum bag made with a plastic bagging film. It was not possible to take pictures of 
this stage. Anyway Fig. 98 provides a good example of the process being described. 
Once the vacuum is established, the prepreg can be worked to remove air pockets and 
to smooth the surface, if necessary. The vacuum bag is then removed once even the 
second half of the mould has been laminated. The overall mould is then closed. 
 
 
 
Fig. 98 
 
 
 
8.4 – Overall vacuum Bag set up 
Vacuum bag set up is hard to work out for this kind of mould; we may say that it is 
that hard for all closed-geometry moulds. By that we mean the situation in which the 
two laminated-sides you need the bag to push onto are lined up face-to-face just like 
they would if they had to create two half-surfaces of a hole. So you need the vacuum 
bag to be driven through such “hole” of course. Hence the name “through-vacuum-
bag”. After the bag has been placed, you need to seal it by means of seal-rubber that 
has to be squeezed in order to widen the adhesion range on the bag itself (Fig. 99). 
Suction valve is then placed and vacuum condition is created (Fig. 100). 
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Fig. 99 
 
 
 
 
 
Fig. 100 
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8.5 – Cure 
The cure process may then start: the whole mould-bag-valve assembly is put in the 
autoclave as indicated by the ply-book. The cure process is a 1h 30m long stage in 
autoclave at a 120°C temperature and 2 bar pressure. Once the cure process is 
complete, the assembly is put out of the autoclave, the bag is broken, and the mould 
is disassembled to allow the release of the final composite material part. 
The autoclave system allows a complex chemical reaction to occur inside a pressure 
vessel according to a specified schedule in order to process a variety of materials. The 
evolution of materials and processes has taken autoclave operating conditions from 
120°C and 275 kPa (40 psi) to well over 760°C (1400 'F) and 69000 kPa (10 000 psi).  
Although the Dallara autoclave system is tailored to specific process requirements, 
the basic design and subsystems described here are standard for most autoclaves. 
Shown in Fig. 101 is an example of autoclave, very similar to that of Dallara in most 
respect: it is not possible to show pictures of the Dallara autoclave due to the 
Confidence Agreement. 
 
Fig. 101 
The major elements of an autoclave system (and their functions) are: a vessel to 
contain pressure, sources to heat the gas stream and circulate it uniformly within the 
vessel, a subsystem to pressurize the gas stream, a subsystem to apply vacuum to 
parts covered by a vacuum bag and a subsystem to control operating parameters. 
The most critical portion of the vessel is the closure, or breech lock, which is 
fabricated from three distinct rings fitted with lugs. One ring is welded to the vessel, 
one is welded to the door, and one rotates. When the door is closed, the locking ring 
is rotated, and the lugs of the closure engage with the lugs of the head. 
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There are also matched wedges on the lugs to clamp the door surfaces against the seal 
area. Silicone is used in this area to allow good sealing without requiring metal-to-
metal contact at the door face. The door is carried to one side by a crane. 
 
Fig. 102 
 
The internal insulation is very important to the prevention of excessive shell 
temperature and energy loss. The maximum shell temperature on the autoclave 
surface should not exceed 60°C at maximum operating temperature, and external 
insulation should never be required on a modern autoclave. A general autoclave 
outline is shown in fig.102. 
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9 – Trimming 
The first step is cleaning the wing-tip holes by means of an M6 screw-tap.The second 
step is leveling both wing tips off by means of an abrasive stone, as shown in Fig. 
103. 
 
Fig. 103 
Once the wing has been prepared, the machine tooling division is in charge of 
realizing the holes on the upper/lower surfaces. Such holes must eventually undergo a 
spot-facing process. Spot-facing is achieved by placing the wing over a drilling 
template built up on purpose by Dallara (Fig. 104). 
 
Fig. 104 
Then you complete the procedure by means of an upright drilling machine that will 
realize four 16 mm spot-faces, as shown in Fig. 105. 
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Fig. 105 
 
You then have to slightly countersink the holes on both upper and lower surfaces by 
means of a diamond-edge countersinker (Fig. 106). Then a metal countersinker is 
needed in order to wipe out the burrs trapped inside the holes (Fig. 107). 
 
 
Fig. 106 
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Fig. 107 
The installation of the eight shear-rivets on the upper surface will now be discussed. 
These rivets are essential for the installation of the aerodynamic flaps, as intuitively 
shown in the CAD 3D drawings of Fig. 108, 109 and 110. 
 
Fig. 108 
 
Fig. 109 
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Fig. 110 
Rivebloc type rivets will be used: so the first task is realizing countersinks for each 
hole. Let’s explain Riveblock rivets architecture a little more. These rivets are 
threaded ones. Which allows easy assembling-disassembling of the components 
without damaging the structural since all you have to do is screwing things down or 
screwing things out. Rivebloc must be sandblasted though because the external 
surface of the rivet must feature best bonding properties. Then, the hole must be 
checked in order to ensure that thickness is constant (Rivebloc’s Catalogues provide 
tables and correct values that must be respected in order to achieve correct 
positioning). A countersink is realized by means of a diamond-edged tool: this 
operation prevents the head of the rivet from sticking out. Countersinks must not 
exceed catalogue dimensions. The Rivebloc is then screwed down on the tool: you 
must make sure that the whole thread be gripped to the tool (Fig. 111). You then need 
to cover the thread with 3M 9323 resin, which is a special glue. 
 
Fig. 111 
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Next task is cleaning the holes by means of acetone. You then need to insert the rivet 
in the hole. Once it is inside, you have to boldly tighten the handles of the tool. 
Clamping must prove strong enough to have the assembly fit the required coupling 
properties (overdoing it must be avoided anyway because the thread could break 
down, which could be a lot worse).  
 
Fig. 112 
Picture 112 shows the final result of the entire operation described so far. The last 
thing to do is making sure that no internal thread deformation has occurred during the 
procedure and that both the hole axis and the external wing-surface are still 
perpendicular between each other. This kind of check is achieved by physically 
screwing a bolt down into the Rivebloc, simulating an assembling procedure. 
Cleaning the whole wing is necessary at the end of all the trimming operations. 
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10 – Quality control: typical defects. 
As it was already mentioned in the first chapters of the present work, this Graduation 
Paper discusses the design stages of a new version of the Dallara T12 mainplane, a 
race car that has been put on the market in 2012. Like it was already said, it is not 
possible to show a direct comparison between the old versions and the new one, in 
order to respect the Confidence Agreement. Anyway, for a better understanding of 
what will be discussed  in this paragraph, it is important to notice that the T12 
mainplane’s lamination procedures have remained kind of unchanged until nowadays 
(a part from the new 2014 updates, which of course could not be present in the old 
versions of the mainplane). 
Since the birth of the very first design up to the following updates, several frequently 
spotted defects were found: some of them being upside-down inserts, or rough 
surfaces. It became then necessary to write down a report about typical defects in 
order to avoid those mistakes that could cause the component production to slow 
down substantially. Such report collected common issues spotted on 141 wings 
produced from June 2011 to the moment when the Present Paper is being written 
down. This paragraph provides a summary of such report, focusing on the main 
problems encountered. 
 
 
Fig. 113 
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Fig. 114 
Major problems and serious issues used to appear on the first wings being 
constructed. For example some of them were reported to feature twisted spars. Later 
on other issues showed up, most of them related to the creation of the threads: they 
appeared damaged or out of their correct axis (Fig. 113, 114). Some other wings 
featured unpleasant resin depositions or matt finished spots all the way along the 
wing surface. This fact was often caused by mistakes during sanding in the Trimming 
Division (Fig. 115, 116). 
 
 
Fig. 115 
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Fig. 116 
 
 
Fig. 117 
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Recently made wings though featured another major issue related to the correct 
position of the inserts. Many inserts were in fact mounted backwards. Consequently 
the thread was not perpendicular to side-flap reference plane (Fig.117). Several 
modifications have been then applied to the inserts in order to shape them correctly: 
new inserts were conceived in such a way to avoid dangerous ambiguities that could 
eventually prove confusing to laminators. 
As a conclusion to the present discussion, Fig.118 shows a photo of the complete 
Dallara T12 race car. A red arrow pinpoints the exact location of the mainplane once 
it has been mounted on the race car. 
 
 
 
Fig. 118 
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11 – Conclusions 
Composite material components design and production techniques have been 
discussed in the present Graduation Paper. In particular, this paper has covered the 
design process and the production process that the candidate carried out to create the 
new front mainplane of the Dallara T12 race car. This Graduation Paper is the result 
of a six-months-long internship that the candidate conducted as Design Office 
Trainee inside Dallara Automobili S.p.a. 
The candidate conducted two extensive internships inside the company 
(“Preparazione alla Tesi” and “Tirocinio per Tesi”) which allowed him to be involved 
in the design-and-production process of the new Dallara-T12 main plane. 
The component has been designed by means of computer-aided design techniques. 
Moulds and patterns needed for construction have been designed too. The component 
has been laminated by means of hand lay-up techniques. Finally, the mainplane has 
been trimmed and finished in the Trimming Division. A series of issues showed up in 
the quality control stage, after the first mainplane was laminated. A report has been 
created to improve production techniques in order not to repeat common mistakes. 
The new mainplane will be mounted on all the 2014 World Series race cars. 
 
 
Marco Amadori 
Aerospace Structures and Materials Major 
Alma Mater Studiorum – University of Bologna 
Master of Science Degree in Aerospace Engineering 
March 27th, 2014 
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"A good conductor ought to be like a good driver: 
the qualities that make the one also make the other. 
They are concentration, an incessant 
control of attention, and presence of mind. 
The conductor only has to add a little sense of music." 
                                      S. Rachmaninov (1873 – 1943)  
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